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Nanoparticle-based technologies are an emerging field with the promise to
impact a wide range of application areas. However, that potential is somewhat married to
a host of research questions that remain to be answered. This work explores the surface
modification of magnetic nanoparticles in a controlled fashion to produce hybrid
nanoparticle (metal/polymer) systems with different morphologies, understand in-situ
behavior of stimuli-responsive polymers grafted to a substrate, and obtain better
computational methods for particle-tracking and -deposition. Nanoparticle surface
modification was performed using ATRP, obtaining homo-, block-co-, and ‘twofaced/biphasic’ polymer structures on the nanoparticle surfaces. Biphasic Janus
nanoparticles (JPs) were formed using a magnetic nanoparticle core and an innovative
technique combining non-covalent solid protection with sequential controlled radical
polymerization to form the two surface-grafted polymer phases. Surface-confined
polymerizations were conducted using pH- and thermo-responsive materials.
Poly(methacrylic acid) (PMAA) and a series of (aminoalkyl) methacrylate polymers were
used as pH responsive polymers. Additionally, poly(N-isopropylacrylamide) (PNIPAM)

was selected as the thermo-responsive material for this study. In-situ characterization
techniques, including atomic force microscopy (AFM), dynamic light scattering (DLS),
and ellipsometry, were used to evaluate the thermo- and pH-responsiveness of these
stimuli responsive materials. A new general-oscillator (GENOSC) model was used to
determine swelling ratio, thickness, and optical constant changes in the polymer brush as
pH was changed in-situ. AFM was used to study morphological changes due to changes
in pH and temperature. Nanoparticle temperature responsiveness was investigated using
DLS. A related effort involved the use of computational fluid dynamic (CFD) methods
to track (micron-sized) particles in certain geometries, including a human lung
morphology. Predicted particle transport and deposition was compared to Lagrangian
computational approaches and available experimental data. The Eulerian particle phase
modeling method developed resulted in the accurate prediction of both near-wall particle
tracking and wall deposition. This Eulerian-Eulerian model is a new tool that has
potential for particle tracking in physiological morphologies. This combination of
experimental and computational research has led to new nano- and micro-particle surface
modification methods and particle transport modeling.
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INTRODUCTION TO MICRO- AND NANO-PARTICLES MATERIALS:
PERSPECTIVES, PAST EFFORTS AND FUTURE TRENDS FOR
NEW APPLICATION DEVELOPMENTS

1.1

Nanotechnology: Background, definitions and applications
Nanotechnology has received much attention over the last few decades since the

visionary insight of Richard Feynman back in the sixties: “There’s plenty room at the
bottom” (Feynman, 1960). Since then, scientists and researchers around the world have
made tremendous strides in developing new nano-sized materials, nano-robots, and nanocharacterization techniques. These advances have made nanotechnology such a
promising field that it has been called the new industrial revolution (Drexler and Minsky,
1990; Stix, 2001). However, there is some controversy as the effects of nano-scale
materials, especially long-term, are not well understood or even yet identified, including
health, environment, ethics and quality of life improvements (Drexler et al., 1991; Baird,
2006). Nanomaterials and related nanotechnologies must be further explored in order to
design and create new applications that can positively impact society on a daily basis.
Nanoparticles are one example of a nanotechnology system, composed of any one
or more solid/soft materials. Nanoparticles are often inorganic, and gold, cadmium,
platinum, titanium, iron, and copper nanoparticles are available in different commercial
products including sunscreen lotions, cosmetics, and pharmaceuticals (Li et al., 2000; Ni
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et al., 2002; Perez-Juste et al., 2005; Jung et al., 2006; Latham and Williams, 2008;
Rangappa et al., 2008; Kumfer et al., 2010; Yuan et al., 2010; Wang et al., 2012).
Moreover, nanoparticles can also be made of organic matter, such as polymers, allowing
the design of molecular building blocks at the nano-level (El-Sherbiny and Smyth, 2010;
Trzebicka et al., 2013). Organic and inorganic materials can be combined at the nanolevel, producing hybrid nanomaterials in which the inorganic and organic phases are part
of a nanocomposite, forming a hybrid nanoparticle. Current fundamental challenges in
the field of nanoparticles relies on controlling the size and shape of the nanoparticles
during synthesis/production, forming stable and uniform systems, and developing
methods to characterize these systems in situ such that the true structure and behavior can
be accessed without the measurement itself inducing changes or artifacts in the samples.
Nanoparticles are capable to carry a variety of materials such as drugs, genes,
DNA, and/or metals, and are called nanocarriers (Baldi et al., 2007). These type of
nanoparticles are candidates for biomedical research, and exist in a variety of forms
including liposomes,(Allen et al., 1995), biodegradable polymers (Jeong et al., 1997;
Jain, 2000), hydrogels (Papaphilippou et al., 2010), magnetic nanocarriers (Kumar and
Mohammad, 2011; Mahmoudi et al., 2011), etc. In particular, stimuli-responsive
polymers (SRPs) are one of the most attractive options to produce nanocarriers with
specific targeting characteristics due to their responsiveness to pH-, temperature and
different stimuli conditions (Onaca et al., 2009). In fact, nanotechnology has already
been related with SRPs to produce nanocarriers that have potential as nanocarriers for
drug delivery applications and gene therapy (Ganta et al., 2008). As an example, SRPs
synthesized at the nano-scale level are called polymersomes (Lo et al., 2009) , however,
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when polymerized on the surface of a metal-nanoparticle, a hybrid polymer-metal
nanocomposites with highly active properties is produced (Hsu et al., 2011; Lyer et al.,
2011). For instance, magnetic nanoparticles are potential drug carriers, allowing
controlled-manipulation, and targeting specific organs within a certain specimen. Thus,
the surface modification of magnetic nanoparticles is still on-going, and is a promising
field of investigation.
Predicting the particle transport and deposition of nanoparticles in a certain
host/morphology can aid to avoid in vivo experiments that analyze nanoparticles
behavior. As an example, magnetic nanoparticles aerosol transport and deposition has
been studied under the effects of different magnetic fields, and particle sizes using
computational fluid dynamics (CFD) (Xie et al., 2010). This is possible due to
improvements in computational power and the fast-growing development of experimental
techniques to characterize nano-scale materials, opening new opportunities to explore the
nanoworld. Over the last two decades, there has been a tremendous increase in the
number of publications related to nanotechnology, nanoparticles, surface modification,
and CFD (Figure 1.1), therefore, new investigations are needed to fully understand the
behavior of nanoparticle systems (Scifinder, 2013). Based on the widespread research
interest and the impact to-date on industrial processes, the study of nanoparticle materials
will dominate nanotechnology research over the next decade and beyond.
The overall aims of this work are to: (1) extend current knowledge of hybrid
inorganic/organic nanoparticle synthetic routes, (2) analyze possible new in-situ
characterization techniques for nano/micro particulates, and (3) utilize computational
fluid dynamics to predict the fate/transport of micron-sized particles. This chapter will
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serve to introduce the topics and provide a context for the work performed. First, an
introduction to surface modification on flat (planar) substrates and the relationship with
nanoparticle surface modification is presented. Next, stimuli-responsive polymers and
nanoparticle surface modification techniques are discussed. A comparison of
microparticles with nanoparticles is then presented. Finally, computational fluid
dynamics is introduced along with an Eulerian method for particle tracking in a twophase flow system. The last section of this chapter provides a summary of the main goals
of this dissertation and a brief description of each chapter.

Figure 1.1

Number of publications by year related to different technological fields
including computational fluid dynamics (CFD), surface modification,
nanotechnology and nanoparticles (Scifinder, 2013).
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1.1

Surface modification: Applications and current work
Surface modification had a major impact on technological development during the

21st century and it is believed to be a precursor of nanotechnology and “smart materials”
due to molecular building block (Yerushalmi et al., 2005). Surfaces are modified to
improve properties such as adhesion, wettability, biocompatibility and many other
properties which are sensitive to the surface chemistry (Utsugi, 1973; Schonhorn, 1976;
Uyama et al., 1998; Sastry et al., 1999; Ma et al., 2007). New technologies such as
micro-chip designs, micro-channels, drug delivery, biomedical applications, adsorption of
materials, electrodes, and membranes are examples of surface modified applications.
Physical and chemical modifications exist and chemical surface modifications can be
achieved using inorganic and/or organic ‘coatings’.
There are a number of methods that are used for the surface modification of
substrates. This work will focus on the addition of polymer chains to a substrate. The
methods described herein are ubiquitous, but are often applied to flat (planar) substrates,
and often this is done even if the ultimate goal is to modify a non-planar substrate as
often it is easier to characterize the polymer attachment and properties of the modified
substrate when flat. It is also often helpful to use reflective substrates, as they allow for
interrogation of the surface by reflective techniques. In this work, silicon wafers, goldcoated silicon wafers, and mica substrates will be used, in addition to nano- and microparticles, for surface modification. The polymers used for surface modification are
stimuli-responsive polymers (SRPs), specifically pH and temperature sensitive polymers.
These are of interest as they can be used to change the size, shape, roughness, adhesion,
agglomeration, and charge of the substrates, and have significant application potential.
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Typically to covalently attach a polymer chain to a surface, there are two basic
classes of techniques: “grafting to” and “grafting from”. “Grafting to” approaches
consist of attaching a preformed polymer with some specific length and molecular weight
to a flat/spherical surface, through a reactive functional group on the polymer chain end
and/or the substrate. Polymer brushes formed using the “grafting to” approach have
some drawbacks due to low grafting density due to steric hindrance involved in a new
chain adding an already populated surface (Bittrich et al., 2012). The “grafting from”
approach consists of growing a polymer from a reactive/initiated surface. This technique
is utilized to create polymeric brushes with desired thickness and molecular weight (Xie
et al., 2008; Babu and Dhamodharan, 2009). It has been demonstrated that higher values
of grafting density are achieved with this technique (Yim et al., 2006). Main drawbacks
of these techniques are related with air-sensitive/anhydrous environments for polymer
synthesis. Non-covalent material adsorption has also been used to modify surfaces
creating physisorbed films. One example is a layer-by-layer polymer deposition which
involves alternating layers of materials with opposite charges using electrostatic
interactions (Zhou et al., 2010). Other film deposition technique, such as spin coating
and solvent-casting, are well known and established in literature and outside the scope of
this work (LeBaron et al., 1999; Siemann, 2005; Krebs, 2009).
Grafting-from approaches, one of the most promising techniques for uniform
coating of materials, is the approach used in this study. In particular, atom transfer
radical polymerization (ATRP), one of the most versatile and utilized controlled radical
polymerization for surface-confined polymerizations, is used in this study. First, the
substrate is modified with a self-assembled monolayer (SAM). For example, on a gold
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substrate a thiol with an end-functionalized group can be used as the building block for
the SAM; due to the formation of the Au-S bond. (Kim et al., 2000). Silanes are also a
preferred SAM building block for silicon substrates, and the siloxane (Si-O-Si) bond
formed is much more stable than the Au-S bond (Ito et al., 2009). To use the SAM as a
reactive substrate, either the terminal group of the SAM, as deposited, is a reactive group
(e.g., alkene, halogen) or a reactive group must be formed at the SAM terminus after the
SAM is deposited. For surface-confined polymerization, these terminal functional groups
are reacted with an initiator. In the case of surface-confined ATRP, a tethered polymer
brush can then be formed by adding the monomer in combination with the catalyst/ligand
complex in solution. By controlling the concentration of monomer and the reaction time,
the desired polymer brush thickness is achieved. A representative illustration of this
process is shown below (Figure 1.2).

Figure 1.2

Surface-confined ATRP scheme to modify surface of a flat substrate.
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In this work, the synthesis and characterization of polymer brushes formed from
stimuli-responsive polymers (SRP) is carried out using ATRP on a variety of substrates,
including flat silicon wafers and magnetic nanoparticles. SRP were selected due to the
significant changes in size and shape when triggered by stimuli’s in their surrounding
environment including temperature, pH, ionic strength, and UV-light. Briefly, Section
1.2 describes the principles of stimuli responsive polymers and applications and fields of
study.
1.2

Stimuli-responsive polymer: An overview
Stimuli responsive polymers are materials that are triggered by a change in an

external response such as light, temperature, pH, ionic strength, mechanical
deformations, etc (Alarcon et al., 2005; Mendes, 2008; Lee et al., 2010). SRPs were first
studied in the form of polymer gel backs in the 1980’s, volume phase transitions and
responsiveness to pH and temperature changes were explained as a balance between
hydrophobic and hydrophilic interactions at the molecular level (Tanaka et al., 1980;
Ilavsky, 1982; Stauffer et al., 1982; Hirokawa and Tanaka, 1984; Hirotsu et al., 1987;
Khokhlov et al., 1993). Then, polymers in solution, block-co-polymers, surface tethered
SRPs, and cross-linked gels were analyzed and investigated for several applications
including drug delivery and inorganic materials encapsulation (Jeong and Gutowska,
2002; Nath and Chilkoti, 2002a). These materials found inspiration in nature, becoming
promising in a variety a fields such as drug delivery, self-healing materials, encapsulation
of metals, and many other fields (Nath and Chilkoti, 2002b; Ionov et al., 2003; Granville
et al., 2004; Brittain et al., 2006; Motornov et al., 2007).
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SRPs have also found a place in nanotechnology. As previously discussed, SRPs
nanoparticles can be used for targeting, diagnostics, and delivery carriers to specific
organs in the human body (Onaca et al., 2009; Mishra et al., 2010). A variety of
polymers have already been characterized, synthesized and demonstrated responsiveness
behavior to different external triggers. Some examples of polymers that present a
switching behavior to certain stimuli, and their main characteristics, are shown on Table
1.1. Additionally, pH and temperature responsive SRPs are the most common triggers
that are studied for the development of polymers, becoming a demanding field for the
synthesis, dry/in-situ characterization, and in-vitro/in-vivo applications (Nath and
Chilkoti, 2002a; Gil and Hudson, 2004).
Table 1.1

Examples SRPs and descriptions of their responses to different stimuli.

Stimuli

Temperature

pH

UV/light

Deformation/stress,
self-repairing
materials
Ultrasound

Example Polymer(s)

Description

Reference(s)

Poly(N-isopropyl acrylamides) Polymer collapsed at a lower (Hoffman and
and/or poly(N-substituted
critical solution temperature Stayton, 2004;
acrylamides)
(e.g. PNIPAM at 32 °C in Kizhakkedathu et
water)
al., 2004;
Plunkett et al.,
2006; Patra et al.,
2011)
Poly(cationic/anionic)
Polymeric-based delivery
(Veron et al.,
polymers, e.g. poly(2vehicles for therapeutics 2004; Chen et al.,
dimethylaminoethyl
2011; Truong et
methacrylate) (PDMAEMA)
al., 2011)
Photo-responsive polymers,
Polymer chains dissociate
(Deshmukh,
e.g.
upon UV-interactions
2008)
poly(N,N-dimethylacrylamidecomethacryloyloxyazobenzene)
Shape-memory alloys, e.g. Return to original shape after (Zhu et al., 2003)
poly(ε-caprolactone)
deformation effects
1,2 disubstituted
Polymer change in color as (Potisek et al.,
bezocyclobutene
ultrasound effects are present
2007)
mechanophore incorporated on
polymethacrylate chain
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For instance, SRPs combined with nanoparticles is a promising field in
biomedicine, allowing researchers to produce materials with drug delivery characteristics
capable of release/entrap materials, and a variety of studies are the emphasis of this work.
Due to the vast literature in this subject area, each chapter involving SRPs and surface
modification of nanoparticles/flat substrates, and prior efforts for each particular type of
polymer will include a detailed discussion. Peculiar responses to pH and/or temperature
will also be discussed in conjunction with previous findings for each polymer analyzed
on each chapter of this work.
1.3

Polymeric and surface-modified metallic nanoparticles for drug delivery
applications
Nanoparticles, as documented earlier, are currently one of the most published

topics for research. While many different inorganic and nanoparticles have been
synthesized and characterized with an aim towards new drug delivery devices (Pankhurst
et al., 2003; McCarthy and Weissleder, 2008; Namdeo et al., 2008), few reports are
available in the literature where the surfaces of nanoparticles are modified in a controlled
fashion with SRP (Ayres et al., 2007; Motornov et al., 2007; Robinson et al., 2007;
Chuang et al., 2010).
The main purposes in modifying the surfaces of nanoparticles are to attach a
moiety for be ‘delivered’ and/or to control nanoparticle interactions with one another and
their environment. Pharmacokinetics and particle fate in a living system are affected by
the external coating on the surface of nanoparticles influencing the internal transport,
partitioning, cellular interactions and uptake. For example, breviscapine, a drug to treat
cerebrovascular diseases, has poor bioavailability as orally administered; but, when
10

combined with poly(L-lactic acid), nano-particles carriers were able to pass across the
blood brain barrier, acting as a drug-targeting/delivery material (Liu et al., 2008).
Different examples illustrate applications in which drug-loaded micro/nano-particles has
improved bio-distribution, pharmacokinetics, dispersion or sensor properties using
different drug encapsulation methods.
Micro-beads and –particles were studied earlier than nanoparticles as powders,
dispersants, lubricants, micro-droplets, two-phase flows and drug carriers (DiStefano,
2007; Prata et al., 2010). One of the major early uses of microparticles was for drug
delivery that relied on fast absorption in the gastrointestinal tract, due to a high-surface
area with respect to volume ratio. These drug delivery methods were usually
accompanied with biodegradable/biocompatible polymers such as poly(ethylene glycol)
and poly(lactic acid) (Jain, 2000). Other drug delivery mechanisms consist of aerosols
with micro-sized droplets which deliver certain drugs to the lungs causing a rapid
absorption through alveolar epithelium and into the bloodstream. Different examples of
encapsulation and/or preparation methods are shown in Table 1.2, where a polymer is
loaded with a drug in a micro-scale design.
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Table 1.2

Different methods for drug encapsulation using polymer carrier.

Synthesis Method

Polymer(s)

Drug

Reference

Solvent displacement
Co-precipitation

PEO-PCL
P(Esu-co-PAd)
Polyesters
P(HEMA)

Tamoxifen
Raloxifene HCL

(Jeong et al., 2005)
(Bikiaris et al., 2009a)

Suspension
Polymerization
Nylon 6
Miniemulsion/solvent
displacement
Chitosan/PEG PLGA
Emulsion-solvent
evaporation
PLGA and PLA
Emulsion solvent
diffusion
PLGA
Emulsion-solvent
evaporation
PLGA
Oil-in-water emulsion
Chitosan
Ring opening
polymerization
Poly(propylene
Polycondensation

5-Fluorouracil

(Chouhan and Bajpai,
2009)
(Crespy and Landfester,
2007)
(Chung et al., 2008)

Calcium alginate
Direct-write inject
technique
Chitosan/PAA/PNIPAM
Incubation
Chitosan
Grafting to approach

succinate)

-------Plasminogen
activators
------

(Murakami et al., 1999)

DNA

(Wang et al., 1999)

TNBS
Peptides

(Lamprecht et al., 2001)
(Batista et al., 2006)

Fluvastatin

(Bikiaris et al., 2009b)

Rodamine 6G

(Desai et al., 2010)

Doxycycline
Phenylalanine

(Chuang et al., 2009)
(Yoksan and Akashi,
2009)

ATRP, a technique previously discussed for the surface-modification of flat
substrates, has also been used to “grow” polymer brushes from the surface of
nanoparticles using different types of monomers such as methyl methacrylate (Marutani
et al., 2004), acrylic acid (Rutnakornpituk et al., 2011), ethylene glycol (Kang et al.,
2009), and styrene (Garcia et al., 2007). Despite the different reports available in
literature for the surface modification of nanoparticles, to this author’s knowledge there is
only few reports in the literature of homogeneous and heterogeneous SRPs covalently
bonded coated on the surface of magnetic nanoparticles (Shim and Kwon, 2012).
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Therefore, one of the objectives of this work is to evaluate the synthesis of pH- and
thermo-responsive polymers from the surface of magnetic nanoparticles using ATRP.
Additionally, biological design at the micron-scale and micro-scale manipulation
can provide a foundation upon which to understand the nano-scale behavior of materials.
Thus, the transport behavior of micron-sized particles is critical in drug-delivery
applications. Having a way to know a priori where and how much of a drug will be
taken up by the body would be vital to developing patient-specific treatments and
evaluation of new drug delivery methods. Moreover, by understanding the transport
properties of microparticles, predictions can be made for nanoparticle transport models,
in a similar way as compared to drug loading microparticles being a model for the design
of nanoparticle carriers. For this reason, current efforts for the transport and deposition
studies of micron-sized particles in different morphologies, that later could be potentially
use for the analysis of nanoparticle systems, are discussed next.
1.4

Transport modeling of micron-sized particles
Micron-sized particles have been utilized in a variety of processes (see Section

1.3). Therefore, predicting the fate and transport properties of these materials becomes a
practical tool for drug synthesis as properties such as size and shape behavior can be
optimized for improved delivery. Previously two-phase flow systems have been modeled
using a well-known Lagrangian approach in which particles are followed individually
until they reach their final destination (Breuer et al., 2006; Kuan et al., 2007). A tracking
method involving an Eulerian approach in which coordinate systems/planes are used to
track particles rather than following the trajectory of each individual particle has been
developed and studied (Heistracher and Hofmann, 1995; Longest and Xi, 2007; Pilou et
13

al., 2011). Eulerian tracking-methodology provides a better framework and applicability
where a large number of particles will be present as occurs in the case of nanoparticle
size materials distributions. Thus, by developing and validating a Eulerian tracking
method on micron-sized particle the model for utilization with nanoparticles could be
improved and lead to further applications in the prediction of nanoparticle fate and
transport.
In this work, two main grids: a 90-degree bend and a physiological realistic model
(PRB) are used to validate the developed method. More information about this work is
presented in chapter 5 and 6 of this dissertation.
1.5

Summary
Nanoparticle-based technologies are an emerging field with the promise to impact

a wide range of application areas. However, that potential is somewhat married to a host
of research questions that remain to be answered. This work attempts to answer the
surface modification of magnetic nanoparticles in a controlled fashion to produce hybrid
nanoparticle systems with different morphologies, understand in situ behavior of SRPs,
and obtain a better idea for the particle-tracking and -deposition in certain defined grids;
it is organized to discuss particle surface modification, a novel method of forming ‘twofaced’ nanoparticles, use of stimuli-responsive polymers to modify (planar) surfaces and
analyze in situ characterization techniques, and use computational methods(CFD) to track
particulate flows and deposition in human lung morphologies. Specifically, Chapter 2
describes efforts to modify the surface modification of magnetic nanoparticles with two
different stimuli-responsive polymers, poly(N-isopropyl acrylamide) (PNIPAM) and
poly(methacrylic acid) (PMAA). Chapter 3 presents a novel method to produce a hybrid
14

biphasic polymer-metal nanoparticle, known as 'Janus nanoparticle”, where two
dissimilar polymers are grafted on opposite sides. Chapter 4 describes how in-situ
characterization techniques were used to evaluate the responsiveness of surface grafted
polymer brushes. Chapters 5 and 6 carry the work towards looking at particle fate—
particularly in the human lung—and detail the use of computational fluid dynamics
(CFD) to accurately predict particle transport and fate of micron-sized nanoparticles in a
90-degree bend (Chapter 5) and in a human physiological realistic bifurcation (PRB)
(Chapter 6). Lastly, a summary of the main conclusions and current efforts in the
synthesis and characterization techniques are briefly summarized and put in context of
possible future directions in this field in Chapter 7.
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SURFACE MODIFICATION OF IRON OXIDE (Fe3O4) NANOPARTICLES WITH
STIMULI RESPONSIVE POLYMERS

2.1

Abstract
The synthesis of stimuli responsive polymer brushes was carried out using

surface-confined atom transfer radical polymerization (ATRP) on iron oxide (Fe3O4)
nanoparticles. N2 was used to sparge the solution at all times, providing particle mixing
as the different steps were conducted. Amine-modified magnetic nanoparticles, ‘asreceived’ Fe3O4/NH2, (200 nm, 100 nm, and 50 nm nominal d(H)) were modified by first
reacting a bromine-based initiator onto the particle surface. After addition of the
initiator, poly(methacrylic acid) (PMAA), poly(N-isopropylacrylamide) (PNIPAM), or
PMAA-b-PNIPAM was grown from the surface of these ‘as-received’ nanoparticles.
ATR-FTIR spectroscopy analysis confirmed the presence of the different polymers. TEM
and AFM imaging corroborated the formation of nanocomposites with a magnetic
nanoparticle core and silicate shell surrounded by amorphous material(s). DLS
measurements on 200 nm Fe3O4/NH2 grafted with PMAA-b-PNIPAM revealed a
decrease in the hydrodynamic radius as the solution temperature was increased, revealing
the thermoresponsive behavior of Fe3O4@PMAA-b-PNIPAM. Thus, a new methodology
to produce metal-polymer nanocomposites was confirmed, using N2 to sparge the
surface-confined ATRP reaction. Novel hybrid (metal/polymer) nanocomposites with
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thermal responsiveness were synthesized and characterized in-situ as the main outcome
of this work.
2.2

Introduction
As discussed in Chapter 1, nanoparticles are materials that are well-known to

have a high surface area to volume ratio and are considered an emerging tool for
biomedical applications, electronics, environmental treatments and many other
fundamental and applied research areas (Nalwa, 2004; Freitas, 2005; Richtering, 2006).
Recently, magnetic nanoparticles (MNPs) have gained more interest due to their inherent
magnetic properties which allow manipulation and hyperthermic applications of these
particles under the presence of a magnetic field. The ease of manipulation magnetic
nanoparticles is widely studied and has been used in electronic device, sensor, catalyst
and drug delivery applications (Berry and Curtis, 2003). Their multifunctional nature
combined with ease of manipulation and ability to be dispersed in fluids means that
magnetic nanoparticles are being more widely studied and considered as material
platform in diverse application areas.
Various approaches have been suggested to use magnetic nanoparticles as
therapeutic agents, specifically as anticarcinogens. A study in 1996 by Lubbe et al. used
epirubicin, a drug to treat breast cancer after surgery, loaded within a ferrofluid to treat
cancer cells in vivo using rats and mice; however, no information was presented about the
size of the magnetic particles, and the transport method of the drug on the ferrofluid
(Lubbe et al., 1996). In fact, a response to this paper, (Gallo and Hafeli, 1997) noted that
characterization of the drug release (pharmacokinetics), particle size, and/or magnetic
stability was not performed; nonetheless, it was one of the pioneer in vivo studies using
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drug-loaded MNPs. Doxorubicin, a known anticarcinogen, is another example of a drug
delivery application that has been tested using a magnetic carrier, this drug was loaded
onto the surface of MNPs with the aid of oleic acid and pluronic acid as stabilizers, and
showed great efficiency with in vitro studies (Jain et al., 2005). In addition to drugloading, a recent development in medical applications of MNPs is hyperthermia-based
therapy where local heat is generated to treat cancer/tumor cells (Kumar and Mohammad,
2011). Despite several advances in this technique during the last two years, the
shortcomings of MNPs as therapeutic agents concern the possible effects of non-stable
systems in physiological media, effects on the central nervous system, and loss of
magnetization, as pointed out recently in the literature (Akbarzadeh et al., 2012; Nunes et
al., 2012; Kim et al., 2013).
Stabilization effects can be solved by surface modifying MNPs (Gupta and Gupta,
2005; Garcia et al., 2007; Zhou et al., 2008; Bajpai and Gupta, 2010). One of the focuses
of this work is to modify the surface of MNPs with stimuli-responsive polymers (SRPs)
(Kim et al., 2003). Stimuli for SRPs include pH, temperature, ionic strength, UVradiation and many other conditions (Gupta et al., 2002). Here, one of the SRPs most
widely studied to-date is poly(N-isopropylacrylamide) (PNIPAM) is used for the surface
modification of MNPs. PNIPAM is well-known to have a lower critical solution
temperature (LCST) at 32 C (Liu and Zhang, 2005). Similarly, weak polyacids are often
studied as pH-responsive polymer brushes. One example is poly(methacrylic acid)
(PMAA), a well-known pH-sensitive polymer with a pKa value around 5, which is
chosen for this work as well (Kim and Shin, 2007).
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Stimuli responsive polymer-magnetic nanoparticle (SRP-MNP) hybrid materials
have been previously synthesized using different techniques such as ultraviolet heat
treatments, living radical polymerizations, and emulsion processes (Marutani et al., 2004;
Liu et al., 2009). In fact, very few studies have utilized living radical polymerization
(LRP), recently named as reversible-deactivation radical polymerization (RDRP), as a
method to produce a surface-confined MNPs system despite the wide-spread interest in
the scientific community to coat/ modify the surface of MNPs and the expanded use
RDRP techniques during the last 20 years (Matyjaszewski et al., 1995; Matyjaszewski,
2012). RDRP allows for the controlled growth of a polymer and when used in concert
with surface attachment of the initiator, a well-defined polymer layer (brush) can be
‘grown’ from the surface (Patten and Matyjaszewski, 1998; Matyjaszewski and Davis,
2002; Matyjaszewski, 2009).
In this chapter, the synthesis and characterization of PNIPAM-Fe3O4, PMAAFe3O4 and Fe3O4@PMAA-b-PNIPAM nano-composite structures is reported. PNIPAM
and PMAA were chosen as the SRP for this study since their selective usage in surface
modifying the MNPs will result in hybrid inorganic-organic (metal/polymer)
nanocomposite systems with temperature and/or pH responsive functionality. One type of
CRDP, atom transfer radical polymerization (ATRP), was used in a surface-confined
approach to produce homo- and co-polymer brushes of PNIPAM and PMAA from the
surface of the MNPs. Briefly, a bromine initiator was reacted on the surface of ‘asreceived’ Fe3O4/NH2 to finally proceed with the polymerization on the surface of the
nanoparticles. Characterization of the morphology, chemistry, and stimuli responsive
behavior of the polymer-modified MNPs was performed using TEM, DLS, FTIR, and
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atomic/magnetic force microscopy (AFM/MFM) techniques. The synthesis and
hybridization methods of this work will combine the capabilities of easy nanoparticle
manipulation under a magnetic field, hyperthermic heating, and temperature/pH
responsive behavior all in one nano-scale material system resulting in a multifunctionalmaterial that can be used for a variety of applications.
2.3
2.3.1

Experimental
Materials
Fe3O4/NH2 nanoparticles substrates with different nominal diameters: 50nm,

100nm, and 200 nm were used ‘as-received’ (Chemicell ,GmbH, Berlin, Germany). 5 mg
of each substrate diameter were utilized for all the polymerizations carried out in this
study, unless otherwise specified. Different reagents utilized in this work were: copper
(I) chloride (Aldrich, 97%), triethylamine (Aldrich, 99.5%), Me6TREN (Aldrich),
methacrylic acid (Aldrich, 99%), N-(isopropylacrylamide) (NIPAM; TCI, 98%), ethanol
(Fisher Sci., 99.9%), water (Aldrich, HPLC grade), 2-bromoisobutyril bromide (Aldrich,
98%), 2,2’-bipyridyl (bypiridine) (Aldrich, 99%), toluene (Acros, 99.8%),
tetrahydrofuran (THF; Fisher Sci., 99.9%), propanol (Aldrich, 99.7%), uranyl acetate
(EMS, 98%), and copper (I) bromide (Aldrich, 98%).
2.3.2

Synthesis of Fe3O4-initiator
‘As-received’ Fe3O4/NH2 nanoparticles were placed in 0.12 M triethylamine/THF

solution for 10 seconds at ~ 0 °C. Then, a 0.1 M 2-bromopropionyl bromide/THF
solution was added to the reaction tube. This initiation reaction was allowed to proceed
overnight and was performed under an inert nitrogen atmosphere using a steady flow of
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nitrogen, also used to sparge the solution and ensure proper mixing. After completion,
the reaction was kept under an inert (nitrogen) atmosphere. The solvent was then
removed from the particles by using an external pump, while the particles remained
inside by the effect of an external magnet. After solvent removal, the particles were
washed thoroughly with methanol or isopropanol three times to remove any physisorbed
material. As a result, magnetic particles with surface-confined bromine initiator were
obtained. An illustration providing the different steps that were performed is depicted in
Figure 2.1.
2.3.3

Synthesis of Fe3O4-PMAA/Fe3O4-PNIPAM
After attachment of the bromine initiator to the surface of the ‘as-received’

Fe3O4/NH2 MNPs, the ATRP reaction was started using either NIPAM or MAA
monomer. NIPAM ATRP was performed using a 26.6 mM monomer concentration in
propanol/water (70/30 %v/v) that had been pre-purged with N2 for 1 h. Then 2,2bypiridine (bpy) and Cu(I)Br, ligand and catalyst respectively, were added to start the
reaction at a 9.5/2/1 monomer/ligand/catalyst molar ratio. The NIPAM polymerization
was allowed to proceed for 12 h under an inert atmosphere at room temperature. ATRP of
MAA, either as a homopolymer or the second block, was conducted at a neutral pH (7),
where MAA remains on a deprotonated state (Sankhe et al., 2006). A 2 M MAA/HPLC
water solution was then prepared and 1 M NaOH was added to neutralize the solution to a
pH of ̴ 7. This solution was then placed under a stream of nitrogen for ~1 h. To start the
polymerization of MAA, a 0.1 mM solution of Me6TREN and Cu(I)Cl was added to the
monomer solution.
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Figure 2.1
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ATRP synthetic route for PMAA and then PMAA-b-PNIPAM surface grafted to Fe3O4 magnetic nanoparticles.

2.3.4

Synthesis of Fe3O4-PNIPAM-b-PMAA
Fe3O4-PNIPAM-b-PMAA, block copolymers systems, were obtained by

reinitializing the terminal group from the “first” ATRP polymerization, in this case
PNIPAM. For this purpose, bromine initiation was repeated in the same manner as
described previously. First, NIPAM monomer solution was removed from the reactor
using an external pump or a syringe, while the particles were held by an external magnet
(particle larger than 100 nm). Then, ATRP of the second monomer (i.e., PMAA) was
performed under the reactions conditions described above. Finally, the resultant
Fe3O4@PMAA-b-PNIPAM nanoparticles were cleaned using two methods. For particles
larger than 100 nm, an external magnet was located on a side of the test tube where the
reaction took place, as depicted in Figure 2.2. For smaller particles ( < 100 nm),
centrifugation was utilized at 14,500 RPM for 30 min.

Figure 2.2

Magnetic separation of Fe3O4/NH2 from the as-received solvent (left
image) and Fe3O4-Br after the addition of the monomer/catalyst/ligand
(MAA/Cu(I)Cl/ Me6TREN) solution (right image).
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2.4
2.4.1

Characterization
Fourier transform infrared (FTIR) spectroscopy.
FTIR spectra were obtained using a Miracle-ATRTM accessory (PIKE

Technologies) with a diamond-ZnSe crystal. A Nicolet 6700 FTIR with a mercury
cadmium telluride (MCT-A*) detector, KBr beamsplitter, and dry gas purging was used
to collect the FTIR spectra. Ommic software (v8.1.10) by Thermo Scientific was used for
data acquisition and analysis. Nanoparticles were deposited onto the surface of the Zn-Se
crystal from solution. The solvent was allowed to evaporate and then another drop was
added; at least 5 drops were added to obtain a small dry film of particles on the crystal
surface. Spectra were collected from 400 cm-1 to 4000 cm-1 with a minimum of 256 scans
collected at a 4 cm-1 resolution.
2.4.2

Dynamic light scattering (DLS) measurements.
A Dynapro Nanostar manufactured by Wyatt was used for DLS measurements,

and Wyatt’s Dynamics (v7.0.0) software was used to fit the data. A cumulant method was
used for the autocorrelation function. A stabilization time of 5 min was allowed prior to
data collection. Data were collected at 25 C and temperature response studies were also
performed over the temperature range from 20 C to 50 C using a 5 °C step size.
2.4.3

Transmission electron microscopy (TEM).
A JEOL JEM-2000 FE II TEM instrument was used at 100 kV for collecting

TEM images. Prior to imaging, particles were deposited from water onto 300 mesh
copper grids and allowed to dry at ambient conditions. Uranyl acetate staigning material
was added dropwise to the NP samples after they have been deposited and dried on the
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grid to identify PNIPAM by negative staining. High resolution TEM images were
collected using a JEOL 2100 TEM, with a LaB6 emitter operated at 200kV. The same
procedure was used to deposit the samples.
2.4.4

Atomic/magnetic force microscopy
Atomic force microscopy (AFM) data were collected using a Dimension Icon

AFM (Bruker) operated in tapping mode with an electrical and magnetic mode to obtain
phase magnetic force microscopy (MFM) images. The AFM samples were obtained by
applying a drop of MNP in solution onto a silica surface followed by drying in air
overnight. MESP probes from Bruker with maximum resonant frequency of 320 kHz and
spring constant of 5 N/m,were used for all AFM measurements shown in this chapter.
2.5

Results and discussion
Magnetic nanoparticles (MNPs) were surface-modified with NIPAM and/or MAA

to produce surface-confined homo- and block-copolymer brushes. MNPs were reacted
with a bromine initiator followed by ATRP to grow chains of PMAA and/or PNIPAM
from the surface of the functionalized MNPs. The following sections describe the
chemical and morphological characterization of the modified magnetic nanoparticles.
2.5.1

Analysis of the chemical structure of the surface-modified magnetic
nanoparticles
ATR-FTIR spectroscopy was performed on the following: ‘as-received’

Fe3O4/NH2, PMAA-Fe3O4, PNIPAM-Fe3O4 and PNIPAM-b-PMAA-Fe3O4, and the
spectra (Figure 2.3) showed the expected chemical functionality for each polymerization
step. In particular, Figure 2.3 shows absorption peaks in the wavenumber region from
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2900-3000 cm-1 that correspond to -CH2 and -CH3/-CH stretching vibrations, and a
broader O-H stretch (3300 cm-1) as a result of the acid hydroxyl group present in the
PMAA structure (Day and Underwood, 1991). PMAA-Fe3O4 nanoparticles have
carbonyl (C=O) C-O stretching peaks from the carboxylate anion (C(=O)-O-) and acid
(C(=O)OH) group observed at 1414 cm-1 and 1710 cm-1, respectively (Matyjaszewski and
Davis, 2002). The presence of the CH3/CH2 and the acid/anion carbonyl groups
confirmed the presence of PMAA on the surface of the nanoparticles.
As previously mentioned, amine-functionalized magnetic nanoparticles
(Fe3O4/NH2) were used as the substrate. For another example of surface-confined
modification of silanol-coated magnetic nanoparticles (Fe3O4/OH), the reader is referred
to APPENDIX A.
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ATR-FTIR spectra

a) ‘as received’ amine- functionalized nanoparticles (Fe3O4/NH2), b) PNIPAM-modified magnetic
nanoparticles (Fe3O4-PNIPAM), c) PMAA-modified magnetic nanoparticles (Fe3O4-PMAA) and d) block
copolymer nanoparticle composite (Fe3O4@PMAA-b-PNIPAM).
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Amine-functionalized magnetic nanoparticles (Figure 2.3a) showed N-H
stretching peak characteristic of amines at 3300 cm-1 (Day and Underwood, 1986).
Along with the peaks at 1640 cm-1 (O-H bending) and 1063 cm-1 (Si-O-Si), the presence
of an amine-terminated silicate coating on the ‘as received’ Fe3O4/NH2 nanoparticles is
then confirmed (Day and Underwood, 1986; Pretsch and Zenobi, 2009).
For this particular case, NIPAM monomer was polymerized from the ‘asreceived’ Fe3O4/NH2 substrates following the same reaction conditions described in
Section 2.3.3. Two characteristic absorption bands for PNIPAM (Figure 2.3b) are C-N
stretching (1446 cm-1) (Mauricio et al., 2009) and the amide-I C=O symmetric stretching
(1640 and 1080 cm-1) (Lien and Wu, 2008). These peaks were clearly observed in
addition to the symmetric/asymmetric C-H stretching of -CH2 and -CH3 that increased in
intensity (in comparison with the ‘as-received’ Fe3O4/NH2), confirming the surfaceconfined polymerization of PNIPAM.
PMAA polymer chains were also grown from the ‘as-received’ Fe3O4/NH2
magnetic nanoparticles surface. Characteristic PMAA absorption peaks are at 3300 cm-1
for the broad O-H stretch associated with the carboxylic acid group [C(=O)OH] (Kim and
Peppas, 2003), C-O carbonyl stretching from the carboxylate anion [C(=O)O-] at 1645
and 1540 cm-1, and C-O carbonyl stretching from the carboxylic acid [C(=O)OH] at 1710
cm-1 (Kim and Peppas, 2003; Dong et al., 2011); (Matyjaszewski and Davis, 2002). The
intensity of these PMAA characteristic peaks along with the presence of the typical
symmetric/asymmetric C-H stretching of -CH2 and -CH3 around 2900 cm-1 confirms the
polymerization of a second monomer, MAA, from Fe3O4/NH2 (200 nm) using surfaceconfined ATRP (Figure 2.3c).
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ATR-FTIR characterizations were performed on block-copolymers and results are
displayed in Figure 2.3d. Fe3O4@PMAA-b-PNIPAM has a very broad peak observed at
a region within 1500 -1720 cm-1 (Figure 2.3d) as compared with PMAA-Fe3O4 and
PNIPAM-Fe3O4 spectra, previously discussed. However, this large region encompasses
three main peaks for the two different described polymers. A small peak (1560 cm-1) is
actually observed on the copolymer structure, believed to correspond to the C-O carbonyl
stretching to [C(=O)O-] from PMAA. Moreover, a larger peak, but broader as compared
with PNIPAM-Fe3O4 was observed at 1640 cm-1, including carboxylate anion (PMAA)
and amide-I peak (PNIPAM) within this region. Thus, co-polymerization of PMAA-bPNIPAM on the surface of the ‘as-received’ Fe3O4/NH2 was successfully demonstrated
by ATR-FTIR.
2.5.2

Morphological characterization of homo- and block-copolymers grafted
from the surface of (200 nm) Fe3O4/NH2
The morphology of an isolated ‘as received’ Fe3O4/NH2 (200 nm, nominal

hydraulic diameter) nanoparticle structure is shown in Figure 2.4, with a dark multicore/shell structure that can be observed. FTIR and XPS Chemical analysis of the ‘as
received’ Fe3O4/NH2 types of magnetic structures revealed silicon in addition to iron,
carbon, and oxygen (more details will be discussed in Chapter 3). A dark muli-core is
observed in Figure 2.4, strongly suggesting that these components are the magnetic core.
In addition, a shell around the core (lighter color) is also observed, that is believed to be a
silica (Si) shell, as demonstrated by the different chemical composition analysis
conducted in this work such as XPS, EDS and ATR-FTIR.
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Figure 2.4

High resolution TEM image of ‘as received’ Fe3O4/NH2 magnetic
nanoparticle with a distinctive core/shell structure.

The morphology of the polymer-grafted Fe3O4 particles was also examined using
TEM. First, homo-polymerized magnetic nanoparticles were characterized (Figure 2.5)
and an organic layer surrounding an inorganic core was observed. First, TEM images
confirmed the attachment of PMAA to the surface of 200 nm ‘as-received’ Fe3O4/NH2
magnetic nanoparticles. Because the particles were washed thoroughly prior to
characterization, the PMAA is expected to be chemisorbed to the NP surface, not merely
physisorbed. Polymer was unfortunately grown in different directions of the
nanoparticles surfaces, producing aggregates on which Fe3O4 were inside a polymer
spherical structure. This effect is probably produced due to poor production of bromineinitiation sites during the ATRP reaction. Current and future work is focusing on
developing a new reactor with a sonicator probe inside to guarantee that particles do not
precipitate/agglomerate as the polymerization takes place (APPENDIX B). As discussed
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earlier, controlling the agglomeration of particles is one of the main challenges when a
surface-confined polymerization is undertaken.

Figure 2.5

TEM images of PMAA-Fe3O4 (‘as received’ 200 nm Fe3O4/NH2) after
polymerization

a) Fe3O4/NH2 surrounded by a polymer-shell and b) polymer spherical structures with
enclosed Fe3O4/NH2.
A separate reaction using 50 nm nominal size Fe3O4/NH2 ‘as-received’
nanoparticles was also conducted with PNIPAM with a monomer/catalyst/ratio
(NIPAM/CuCl/Me6TREN) of 100/1/1. This particular experiment was performed to see
any effect on polymer aggregation on the surface of MNPs for a smaller core. Indeed,
results for this polymerization are promising as depicted in TEM, AFM and MFM
measurements. However, FTIR and XPS characterization of these materials becomes
challenging due to the smaller size particles and difficulties encountered while separating
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using an external magnet. HR-TEM shows interesting morphological structures of a
polymer with small particles inside as part of a core. To further demonstrate the chemical
composition of these particles, TEM/EDS was performed, but quantitative results were
not possible with the current equipment set-up due to the significant amount of carbon
present on the Cu-grids. (The elemental composition is discussed further in APPENDIX
C.)

Figure 2.6

HR-TEM images of PNIPAM-Fe3O4 (‘as received’ 50 nm Fe3O4/NH2
substrate) after polymerization showing Fe3O4/NH2 surrounded by a
polymer-shell at different levels of magnification.

AFM/MFM images were taken to demonstrate different nanocomposite phases
(Figure 1.6). AFM/MFM confirmed the presence of different types of materials on the
formed nanocomposite. Height and phase images are shown in Figure 2.7. As observed,
a spherical structure was depicted in the Height AFM images. To further examine this
morphology, a phase image was also obtained over the same region, showing small
nanoparticle inside the shell with a stronger phase angle. The magnetic phase image
showed a very small signal of these particles with respect to the polymeric shell, thus, it
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is strongly supported that magnetic nanoparticles are completely coated with PNIPAM
froming PNIPAM-Fe3O4 nanocomposites.

Figure 2.7

AFM/MFM images show a spherical structure after PNIPAM
polymerization on ‘as-received’ Fe3O4/NH2 nanoparticles.

(a) Height image shows spherical morphologies, (b) phase image showed different
materials inside the spherical structure, believed to be magnetic nanoparticles, and (c)
poor contact was obtained with MFM signal.
For the block copolymers grafted to the Fe3O4/NH2, PNIPAM was polymerized
first followed by PMAA on 200 nm ‘as-received’ Fe3O4/NH2. Figure 2.8 shows the
block copolymer structure Fe3O4@PMAA-b-PNIPAM after completion of both
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polymerizations. As observed in Figure 2.8, uranyl acetate stained the PNIPAM structure
and a second polymer can be observed outside of the first core layer.

Figure 2.8

2.5.3

TEM image of Fe3O4@PMAA-b-PNIPAM block copolymer-Fe3O4
structure with PNIPAM stained (dark).

Size and thermal response of Fe3O4@PMAA-b-PNIPAM
The size and thermal response of these SRP surface-modified nanoparticles was

studied using dynamic light scattering (DLS) while the particles were dispersed in DIwater. As controls the 'as received' and Br-initiator Fe3O4 (Br- Fe3O4) were examined
using DLS over a 25 °C to 50 °C temperature range (to ensure no thermally induced size
fluctuations were observed in the core MNP sample) and look for any discernable size
change or agglomeration due to the initiator attachment. At temperatures below 35 C,
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the block copolymer modified MNPs have a baseline in-situ size of 500 nm, in
comparison with ~ 100 nm for Fe3O4 and Fe3O4-Br. As temperature was increased, a
reduction on the hydrodynamic diameters of the block copolymer was observed, reaching
a final in situ size of 300 nm at 50 °C.
Over the temperature range studied, hydrodynamic radius of the Fe3O4/NH2 (refer
to APPENDIX D) and Fe3O4-Br particles was constant at about 100 nm (Figure 2.9). In
contrast, Fe3O4@PMAA-b-PNIPAM particle size decreased as the temperature was
increased (Figure 2.9). This behavior is expected as PNIPAM is a well-known thermoresponsive polymer with a ~32 °C lower critical solution temperature (LCST). Below the
LCST, PNIPAM is in a soluble, relaxed state. Above the LCST, PNIPAM brushes tend
to become hydrophobic and insoluble in water resulting in a collapsed state. DLS results
show the collapse of PNIPAM as the temperature was increased. The addition of both
PMAA and PNIPAM allows for the surface chemistry to be controlled and for a polar
polymer to be exposed on the perimeter, impacting solubilization, stability, and
agglomeration, while providing a thermo-responsive PNIPAM block. (Additionally, the
PMAA block will add pH responsiveness to this MNP system, but that was not explored
in this study)
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Figure 2.9

2.6

Thermo-sensitivity analysis of Fe3O4@PMAA-b-PNIPAM using dynamic
light scattering over a range of 25- 50 °C while nano-composites were
dispersed in DI water.

Conclusions
Two different stimuli responsive polymers (SRP) PMAA and PNIPAM—have

been grown, both as homopolymers and block copolymers, from the surface of ‘asreceived’ Fe3O4/NH2 magnetic nanoparticles using surface-confined ATRP
polymerization. ATR-FTIR spectroscopy confirmed successful polymerization by
monitoring chemical functionality at each reaction step. The size and morphology of the
particles was studied using TEM and DLS. The presence of the polymer brushes on the
Fe3O4 MNP was demonstrated through increased size and an amorphous ‘shell’ around
the metal oxide core. Copolymer structures were clearly observed by TEM as two
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different phases using a stain for PNIPAM. The thermo-responsive behavior of these
hybrid SRP-MNP systems, including the LCST of PNIPAM, was observed by
temperature-dependent DLS measurements. This work describes the synthesis and
characterization of PMAA-Fe3O4, PNIPAM-Fe3O4, and Fe3O4@PMAA-b-PNIPAM;
these three nanocomposites are indeed multifunctional systems displaying morphological
changes, chemical composition variations, and responsiveness to temperature changes,
using a single nanoparticle substrate.
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STIMULI-RESPONSIVE BIPHASIC-POLYMER JANUS MAGNETIC
MANOPARTICLES PREPARED VIA ELECTROSTATIC
INTERACTIONS AND SURFACE-CONFINED ATRP

3.1

Abstract
Metal-biphasic polymer core-shell nanocomposites were formed by polymerizing

two chemically dissimilar polymers on opposite sides of amine-functionalized magnetic
nanoparticles (‘as-received’ Fe3O4/NH2). The synthesis methodology used to fabricate
these amphiphilic three-dimensionally asymmetric Janus magnetic nanoparticles (JPs)
combined: (1) particle retention on a solid substrate by electrostatic interactions and (2)
surface-confined atom transfer radical polymerization (ATRP). Poly(methacrylic acid)
(PMAA) and poly(N-isopropylacrylamide) (PNIPAM) were polymerized from opposite
hemispheres of ‘as-received’ Fe3O4/NH2 using a sequential
adsorption/polymerization/release/polymerization method,. AFM, SEM and TEM
demonstrated the morphology of the JPs after each reaction step. Chemical compositions
were analyzed using attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS). Thus, biphasic PMAAFe3O4-PNIPAM JPs were formed using a non-covalent solid protection method along
with a sequential controlled radical polymerization scheme. This innovative technique
does not involve difficult reaction conditions and equipment and can easily be extended
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to other particle types, electrostatically charged materials, and biphasic polymer
combinations.
3.2

Introduction
Studies of asymmetric particles, also known as Janus particles, have increased in

the last two decades because of their potential in material science applications such as
photovoltaic cells, electric paper, anti-reflection coatings, optical and optoelectronic
displays, drug delivery, micro-rheology probes and sensing devices (Li et al., 2005; Mock
et al., 2006; Walther and Muller, 2008; McConnell et al., 2010; Poree et al., 2011; Yang
et al., 2012). Janus particles (JPs) are composed of at least two physically and/or
chemically distinct surfaces, and can be fabricated by a number of different approaches.
P.G. de Gennes (Perro et al., 2005a) introduced “Janus grains” about two decades ago
after the experimental efforts of Casagrande et al. (Casagrande et al., 1989) that focused
on “Janus beads” made of a glass core and separate hydrophilic and hydrophobic sides.
Since then, a variety of experimental/modeling techniques have been reported to produce
inorganic and organic asymmetric particles in a variety of research fields. Synthetic
routes and the self-assembly behavior of polymeric JPs have been described in several
review articles (Perro et al., 2005b; Wurm and Kilbinger, 2009; Du and O'Reilly, 2011;
Hu et al., 2012). Some techniques for the fabrication of JPs include surface selective
modification (Tanaka et al., 2010), template-assisted self-assembly (Andala et al., 2012),
emulsion/phase separation (Wang et al., 2011), surface-controlled nucleation and growth
(Lattuada and Hatton, 2007; Berger et al., 2008), and microfluidic methods(Yang et al.,
2012). Regardless of the synthetic route for JPs formation, the major advantage of JPs is
to provide structures with a duality that can allow for distinct, and even divergent
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properties on the same physical system resulting in unique self-assembly, stimuliresponse, and stable systems. As an example, properties that might vary using a JP
system under different environmental conditions include magnetic, catalytic, optical and
electrical responses. In combination, the synthesis methods and the particle materials
determine the physicochemical properties and therefore the potential applications. New
synthetic routes, characterization methods for chemically distinct areas in close proximity
in small size area/volumes, and the resultant dynamic JPs systems are all current areas of
study for JPs structures.
JPs can be a composite of inorganic-inorganic, polymer-polymer or inorganicpolymer materials, and at the sub-micron scale are often referred to as a hybrid material
(Nogawa and Japanese Technical Information Service., 1988; Gómez-Romero and
Sanchez, 2004; Kickelbick, 2007). Silica beads (Li et al., 2005), gold (Lu et al., 2003;
Wang et al., 2008; Smith et al., 2009), and/or magnetic nanoparticles (Lattuada and
Hatton, 2006; Lattuada and Hatton, 2007) are commonly used as the inorganic (core)
material in a JPs structure. Controlled manipulation in the presence of a magnetic field is
one of the advantages for using magnetic nanoparticles (MNPs) when an inorganic
component is present in JPs. As an example, MNPs have previously been combined with
silicon dioxide to form inorganic-inorganic hybrid structures using flame synthetic
approaches; however, the JPs resulting from this method were limited to an inorganic
hybrid structures (Zhao and Gao, 2009). MNPs have also been used as the inorganic
material in inorganic-organic hybrid structures. Recently, Chang and Hatton formed JPs
using MNPs as one side of the structure and polystyrene (PS) as the complimentary side.
Emulsion droplet solvent vaporization was used to create the hybrid styrene-MNPs Janus
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beads (Chang and Hatton, 2012). PS shells were also utilized to encapsulate MNPs, and
then these modified particles were combined with silicon dioxide particles using a
miniemulsion/sonochemical processes (Teo et al., 2010). Similarly, Qiang et al. formed
half-raspberry/snowman structures using silicon dioxide and styrene with the aid of
miniemulsion polymerizations (Qiang et al., 2008). Lattuada and Hatton also combined
MNPs with charged polymers using a combination of self-assembly and in-situ
polymerizations of oppositely charged polymers (Lattuada and Hatton, 2007). Therefore,
it has been demonstrated that amphiphilic MNPs-polymer structures can be synthesized
using different microemulsion techniques to create novel nanostructure systems with
different morphology and/or surface chemistry.
Other synthetic approaches can be used for core-shell nanostructures where MNPs
act as a core and two dissimilar polymers are grafted on the MNPs surface to act as the
shell. Hatton’s group used atom transfer radical polymerization (ATRP) for the
modification of monodisperse magnetic nanoparticles with charged polymers. For
example, surface-confined modification of nanoparticles substrates utilizing ‘grafting to’
and ‘grafting from’ approaches were used to produce inorganic-polymeric JPs (Lattuada
and Hatton, 2007). Controlled radical polymerization has also been used for the
development of polymer-polymer JPs using various nanoparticles as the substrates.
Berger et al. worked with stimuli-responsive acrylate polymers that were formed using
ATRP and then attached to silica nanoparticles to produce stimuli responsive JPs (Berger
et al., 2008). Another study by Li et al. involved “hairy” nanoparticles produced via
controlled radical polymerization techniques and hydrolysis to create a mixture of
poly(acrylic acid) (PAA) and PS brushes on the surface of silica (Si) nanoparticles to
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obtain a PAA-Si-PS hybrid system (Li et al., 2005). A different study used gold (Au)
nanoparticles as the substrate combining the well-known grafting-to and grafting-from
approaches to create JPs. Au nanoparticles were first immobilized to a thiol-end
functionalized single crystal polyethylene oxide (PEO) substrate and then ATRP started
on one side of the Au nanoparticles with PAA and/or poly(tert-butyl acrylate). This
method was found to avoid particle aggregation and result in increased areal density
(Wang et al., 2008). Here, electrostatic interactions of amine-functionalized magnetic
iron oxide nanoparticles (Fe3O4/NH2) and a negative charge mica surface with
K[Si3Al]O10Al2(OH)2 chemical structure, are explored as an alternative for producing
similar Janus nanostructures. The negative charge in mica is a result of the dissociation
of K+ ions in water that produce a negative outer layer (AlO2-), becoming a charged
substrate (Liberelle et al., 2008). The partial charge of the amine group NH3+ is then
analyzed with the negative mica substrate. Additionally, only ‘grafting from’ approaches
are used for polymer grafting to the magnetic nanoparticle surfaces, and desired
molecular weight and brush thickness can thus be controlled.
Thus, a new synthetic route for the fabrication of three-dimensionally amphiphilic
and asymmetric Janus magnetic nanoparticles is presented. The synthesis involved a
combination of two methods: (1) particle retention on a solid substrate by electrostatic
interactions and (2) surface-confined ATRP. Additionally, the biphasic surface-grafted
polymers were both stimuli-responsive polymers, poly(methacrylic acid) (PMAA) and
poly(N-isopropylacrylamide) (PNIPAM), with each grafted onto opposite hemispheres of
amine-functionalized magnetic iron oxide nanoparticles (Fe3O4/NH2). The
morphological structure of this polymeric-inorganic-polymeric nanohybrid system of 3-D
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amphiphilic and asymmetric magnetic JPs was examined using atomic force microscopy
(AFM) and transmission electron microscopy (TEM). Additionally, chemical
composition and structure were analyzed by attenuated transmitted reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray spectroscopy (EDS). The formation of surface-grafted
biphasic PNIPAM/PMAA Janus MNPs (PMAA- Fe3O4-PNIPAM) using a combination
of non-covalent solid protection chemistry and surface-confined ATRP was successfully
confirmed by the characterization techniques mentioned above. In addition, the novel
PMAA-Fe3O4-PNIPAM structures described in this work could potentially be used in
different scenarios due to the dual response of the two different polymer brushes grafted
on each side of the particles and the ease of manipulation of these particles in the
presence of a magnetic field.
3.3
3.3.1

Experimental section
Materials
Muscovite mica (Electron Microscopy Sciences, Hatfield, PA, USA) and 50 nm

‘as-received’ amine-functionalized magnetite nanoparticles (Fe3O4/NH2, Chemicell
GmbH, Berlin, Germany) were used as the substrates in this work. Reagents obtained
from Sigma-Aldrich included: copper(I) chloride (CuCl; 97%), copper(I) bromide (CuBr;
98%), triethylamine (99.5%), hexamethylated tris(2-aminoethyl)amine (Me6TREN;
96%), methacrylic acid (MAA; 99%), water (HPLC grade), 2-bromoisobutyryl bromide
(98%), and propanol (99.7%). Ethanol (99.9%), tetrahydrofuran (THF, 99.9%), and
glacial acetic acid (CH3COOH, 17.4 N) were obtained from Fisher Scientific. N-
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(isopropylacrylamide) (NIPAM, 98%) was received from TCI and toluene (99.8%) was
received from Acros. All materials were used as received.
3.3.2
3.3.2.1

Synthesis
Preparation of surface-initiated magnetic nanoparticles (Fe3O4-Br)
‘As-received’ Fe3O4/NH2 nanoparticles were deposited from water onto the

surface of mica, previously dried with a stream of N2, and were allowed to dry overnight
at room temperature. After water evaporated, the mica substrate was washed thoroughly
with water and dried with a nitrogen gun. This procedure was done to guarantee that the
particles remaining on the surface were attached primarily due to the electrostatic
interaction between the nanoparticles and the negatively charged mica substrate (Patricio
et al., 2010). The mica-Fe3O4/NH2 substrate was then placed in a 5 mL THF solution of
2-bromoisobutyryl bromide (0.01M) and triethylamine (0.012 M) and allowed to react
overnight under an inert nitrogen sparge and with sonication. The reaction was quenched
by opening the solution to ambient conditions after 12 h, and removing the mica substrate
from the solution. The mica with adsorbed brominated Fe3O4/NH2 particles (micaFe3O4/NH2-Br) was washed thoroughly with ethanol three times to ensure that only the
magnetic particles with a strong electrostatic interaction with the mica surface would
remain. The remaining adsorbed nanoparticles contained surface-confined bromine
initiator moeties on the terminus of their exposed surface which was used for the next
step, polymerization of PNIPAM.
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3.3.2.2

Synthesis of mica-Fe3O4-PNIPAM
ATRP using NIPAM as the monomer was started immediately after attachment of

the bromine initiator to the mica-Fe3O4/NH2 substrate. NIPAM ATRP was performed in
propanol/water (70/30% v/v) with a molar ratio of 100/1/1 for the
monomer/catalyst/ligand (Ye and Narain, 2009). First, Cu(I)Br (catalyst) and bypiridine
(ligand) were placed in 5 mL of propanol and subjected to at least three freeze-pumpthaw cycles (until no gas bubbles were observed during thawing). Afterwards, nitrogen
was used to sparge this solution in a sealed test tube for 1 h. Then, the NIPAM monomer
solution was prepared in a 70/30 volume ratio solution (water/propanol) and subjected to
at least three freeze-pump-thaw cycles. The two resultant solutions (catalyst/ligand and
monomer solution) were then combined in a separate dried vessel containing the micaFe3O4/NH2-Br. NIPAM polymerization was allowed to proceed for 12 h under an inert
atmosphere (N2 flow) at room temperature and quenched by introducing air to the
reaction.
3.3.2.3

Detachment of Fe3O4/NH2-PNIPAM
The electrostatic interaction holding the iron oxide MNPs to the mica can be

reversed by the addition of 2M acetic acid to a pH value of ~ 2. At this low pH value the
ionic attraction between the carboxylate anion (COO-) and the NH3+ becomes stronger
than the electrostatic interaction between the particles and the substrate. In this manner,
hemispherical-shaped iron oxides MNPs were released from the mica substrate. Particles
in the solution were then subjected to evaporation using a rotovap to remove the solvent
and residues from the first polymerization. Then, clean ethanol was added to the dried
particles and the solution was placed in a sonicator for three minutes. Particles were
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dried again to remove any solvent and/or residue remaining from previous steps using the
rotovap. This ‘washing’ procedure was repeated at least three times to remove residues
from the first polymerization step. After these washing cycles, the particles were stored
in clean toluene at ~ 4 C in a refrigerator prior to the final polymerization step.
3.3.2.4

Preparation of Br-Fe3O4-PNIPAM nanoparticles
The stored NH2/Fe3O4-PNIPAM nanoparticles were first dried using a rotovap

prior to the reaction of the bromine initiator to the unreacted amines. The surface
initiation step from the synthesis of surface-initiated magnetic nanoparticles (NH2/Fe3O4Br) was repeated here. Modified NH2/Fe3O4-PNIPAM particles were placed in a 0.01 M
2-bromoisobutyryl bromide/triethylamine/THF solution and allowed to react for 12 h
with the unreacted amines to create a surface-initiated Br-Fe3O4-PNIPAM particle
system. The resultant particles were then ‘washed’ using centrifugation and isopropanol
addition three times and then transferred to a clean container. Particles were ‘washed’
with water and rotovap evaporation two more times.
3.3.2.5

Synthesis of Janus (PMAA-Fe3O4-PNIPAM) nanoparticles
ATRP of MAA was performed in a similar manner. First, a 2 M solution of

MAA/HPLC water was prepared and then NaOH (1 M) was used to neutralize the
solution (Sankhe et al., 2006). At a pH of 7, the solution was placed under a stream of
nitrogen for about 1 h and submitted to three freeze-pump-thaw cycles. The monomer
solution was transferred to the dried and cleaned particles (obtained in step 4) using a
syringe under an inert atmosphere. A degassed 0.1 mM solution of Me6TREN and
Cu(I)Cl was added to the MAA/Br-Fe3O4-PNIPAM solution to start the ATRP
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polymerization on the unprotected hemisphere of the amine-functionalized magnetic
nanoparticles and the reaction proceeded for 8 h to obtain the PMAA-Fe3O4-PNIPAM
JPs. A scheme for all the reaction steps is shown in Figure 3.1.

Figure 3.1

Scheme for producing biphasic PMAA-Fe3O4-PNIPAM Janus
nanoparticles (JPs)

(i) deposition of ‘as-received’ Fe3O4/NH2MNPs onto mica with reaction of initiator onto
the exposed surface, (ii) polymerization of NIPAM monomer by surface-initiated ATRP,
(iii) release of modified Fe3O4/NH2-PNIPAM particles from the mica by sonication in an
acidic solution, and (iv) initiation and ATRP polymerization of the newly exposed MNP
surface using a second monomer, MAA.
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3.3.3

Characterization of magnetic nanoparticles
Transmission electron microscopy (TEM) was performed using a JEOL 100CXII

at 100 kV. Sample droplets were placed on a Cu grid (Electron Microscopy Science) and
the solvent was allowed to evaporate. Atomic force microscopy (AFM) data were
collected on a Dimension Icon AFM operated in tapping and ScanAsyst modes. The
AFM samples were obtained by applying a drop of MNP in solution onto a mica surface
followed by drying in air. NCHV probes from Bruker with resonant frequency 320 kHz,
spring constant 42 N/m, and tip radius 10 nm were used for all AFM measurements. A
PHI 1600 X-ray photoelectron spectroscopy (XPS) surface analysis system (Physical
Electronics, Eden Prairie, MN) with Mg Kα X-ray source operating at 300 W and 15 kV
was used to collect XPS data. PHI 10-360 spherical capacitor energy analyzer and an
Omni Focus II small-area lens were utilized to focus the incident source. Survey spectra
were collected using a minimum of 10 scans with 26.95 eV pass energy across the 1100
to 0 eV range. High-resolution spectra were gathered using a minimum of 15 scans with
23.5 eV pass energy and 0.1 eV step size. Measurements were taken on at least three
spots per sample and the average results fitted using Gaussian peaks are reported. ATRFTIR spectra were collected using a Miracle-ATRTM accessory (PIKE Technologies)
with a diamond-ZnSe crystal. Nanoparticles were deposited as a solution droplet which
was allowed to dry on the crystal surface until a thin film of particles remained. A
minimum total of 800 scans were collected on a Nicolet 6700 FT-IR (Thermo Electron
Corporation) with a helium-neon laser, mercury-cadmium-telluride (MCT-A*) detector,
and KBr beamsplitter using Omnic software (v8.1.10, 1992-2009, Thermo Fisher
Scientific Inc.). FTIR peak assignments were obtained from selected references unless
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otherwise specified (Stuart, 2004; Silverstein et al., 2005). Scanning electron microscopy
(SEM) and Energy dispersive X-ray spectroscopy data were collected using a JEOL JSM6500 field emission scanning electron microscope (FE-SEM) operated at 15 KeV.
Samples were deposited on copper tape and allowed to dry in a ventilated hood prior to
placement into the FE-SEM chamber.
3.4

Results and discussion
While the ‘as-received’ Fe3O4/NH2 magnetic nanoparticles (MNPs) were

electrostatically adsorbed to the mica surface, the exposed side of the particles was
reacted with a bromine initiator followed by ATRP to grow chains of PNIPAM from the
surface of the MNPs. Then, the MNPs were released from the mica substrate and a
second set of initiation and ATRP reactions were performed to grow PMAA on the newly
exposed amine-functionalized MNP surface (hemisphere opposite to the grafted
PNIPAM) (Figure 3.1). Prior to characterization, the biphasic PMAA–Fe3O4–PNIPAM
JPs were washed a minimum of three times using water and rotovap distillation. A
discussion of the chemical and physical characterization of these samples follows.
3.4.1

Chemical structure of the biphasic PMAA–Fe3O4–PNIPAM Janus magnetic
nanoparticles.
After synthesis, the chemical composition of the PMAA-Fe3O4-PNIPAM JPs was

analyzed by three spectroscopic techniques. ATR-FTIR analysis was performed on 'asreceived' Fe3O4/NH2 sample which consists of the Fe3O4 magnetic nanoparticles with an
amine-terminated silica coating (Figure 3.2a). Absorption bands appeared at 3400 cm-1
for Fe3O4/NH2, characteristic of a primary amine examined in a dilute solution.
Additionally, a peak was observed at 1625 cm-1 which is assigned to the N-H bending
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(scissoring) vibrations of primary amines. N-H stretching vibrations have been reported
at approximately 2000 cm-1 where peaks were observed for the ‘as-received’ Fe3O4/NH2
magnetic nanoparticles. The peak at 2160 cm-1 can also be attributed to NH+ stretching.
Thus, the presence of the amine group on the iron oxide nanoparticle is confirmed. A
representative FTIR spectrum of the PMAA-Fe3O4-PNIPAM JPs can be seen in Figure
3.2b and confirms the presence of PNIPAM and PMAA grown from the ‘as-received’
Fe3O4/NH2 surface. First, the N-H peaks associated with primary amines previously
discussed, in particular those at ~ 2000 cm-1, were no longer observed. Second, a broad
absorption peak over the range 3000-3300 cm-1 was attributed to O-H stretching from the
PMAA structure (Pretsch et al., 2009). Third, in the range of 1600-1720 cm-1 two
overlapping peaks match well with the characteristic carbonyl absorbances for PNIPAM
and PMAA (1650 and 1710 cm-1, respectively). Lastly, at 1540 cm-1 a sharp peak was
observed that is related to the carboxylate anion from PMAA related with the doublet at
1710 cm-1 (Dean and Lange, 1973).

61

Figure 3.2

ATR-FTIR spectra comparison of the chemical structure

(a) ‘as-received’ Fe3O4/NH2 magnetic nanoparticles (red line) and the resulting (b)
biphasic PMAA-Fe3O4-PNIPAM JPs (black line). PNIPAM and PMAA carbonyl (C=O)
absorption bands were identified at 1650 and 1710 cm-1, respectively.
While the characteristic spectral signatures for the PNIPAM/PMAA biphasic JPs
were observed, an additional unexpected peak was observed at 1082 cm-1. In this region,
a very broad and intense peak of -Si-O has been reported in literature (Silverstein et al.,
2005). However, analysis of the ‘as-received’ Fe3O4/NH2 nanoparticles (Figure 3.2a) did
not show this peak. [Instead, it shows peaks at 2100 cm-1 which is characteristic of
R3SiH, believed to be part of the silicate/amine shell of the as-received amine-modified
Fe3O4/NH2 (Figure 3.1)]. Therefore, this unexpected -Si-O peak at ~1100 cm-1 in the
resulting JP sample is likely to be from the mica. Mica may be present in the JPs solution
despite the different separations procedures that were carried out. SEM and energy
dispersive X-ray spectroscopy (EDS) analysis (discussed below) supports this claim of
mica residues as a minor contaminant in the JP sample. EDS was primarily used as a
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qualitative tool to demonstrate that mica elements were indeed present in the PMAAFe3O4-PNIPAM JP solution.
X-ray photoelectron spectroscopy (XPS) was then performed on the bare particles
and the resulting biphasic magnetic JPs. Figure 3.3 shows representative survey scans
collected for both a) ‘as-received’ Fe3O4/NH2 and b) PMAA-Fe3O4-PNIPAM JPs.
Survey and high resolution scans on the ‘as-received’ Fe3O4/NH2 nanoparticles confirmed
the presence of carbon, oxygen, iron, nitrogen and silica. The average atomic percentage
for bare magnetic nanoparticles (Figure 3.3a) was carbon 55.37 ± 1.51%, oxygen 27.96 ±
17%, nitrogen 2.67 ± 2.5%, silica 3.79 ± 1.95% and iron 5.23 ± 9.23 %. XPS survey
scan results for the Janus nanoparticles show only carbon and oxygen after formation of
PMAA-Fe3O4-PNIPAM JPs. Average atomic compositions obtained for Janus
nanoparticles (Figure 3.3b) were carbon 73.77 ± 1.59%, oxygen 21.75 ± 1.79%, and
nitrogen 4.48 ± 0.37%. Therefore, it is strongly believed that the entire surface of the
magnetic nanoparticle has been successfully surface-modified with polymer brushes on
both hemispheres. Additionally, the atomic percentage has less variability in the
measurements collected for JPs than for the as-received nanoparticles. This is believed to
be an effect of the particle sizes of the nanoparticles. Thus, a thicker and homogeneous
coating was formed on the surface of the magnetic nanoparticles. For comparison
purposes, a 50/50 mix of PNIPAM and PMAA will have a theoretical atomic percentage
of carbon 70.8 %, oxygen 22.9 % and nitrogen 6.3%. Elemental composition for carbon
and oxygen measured by XPS are close to this theoretical mixture (C 74.4%, O 25.6%),
however, nitrogen was not observed in the XPS measurements collected. This might be
an effect of the high concentration of carbon and oxygen and equipment sensitivity.
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Nitrogen was detected for the bare nanoparticles, however, in very small amounts which
confirmed the presence of amine groups on the surface.

Figure 3.3

Carbon, oxygen, iron, nitrogen and silica content was confirmed for the
‘as-received’ Fe3O4/NH2 magnetic nanoparticles

(a). XPS survey scan results for the Janus nanoparticles show only carbon and oxygen
after formation of PMAA-Fe3O4-PNIPAM JPs (b). Average atomic compositions
obtained for Janus nanoparticles were 73.77 ± 1.59% for carbon, 21.75 ± 1.79% for
oxygen, and 4.48 ± 0.37 for nitrogen which match theoretical concentrations for
PMAA/PNIPAM and confirm the successful formation of Janus nanoparticles.
High resolution XPS scans were performed for carbon, silica and iron as shown in
Figure 3.4, for both as-received magnetic nanoparticles and PMAA–Fe3O4–PNIPAM JPs.
A representative carbon 1s high resolution scan is shown (Figure 3.4a) for the as-received
magnetic nanoparticles. Four carbon peaks were obtained at 282.3, 285, 286.3 and 289
eV for Si-C, C-H/C-C , C-H-, and N-H, respectively. Comparison with available
literature values helped to identify the chemical functionality and bonds of the ‘asreceived’ Fe3O4/NH2 nanoparticles. Previous studies have found at 282.3 eV a peak
corresponding to the Si-C bond (Smith and Black, 1984). Thus, it is believed that this
peak represents part of the core-shell structure where the core is the magnetic particle
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with a silica corona shell. C-H/C-C bonds are generally identified at 285 eV and would
be expected for the silicates shell structure of the ‘bare’ nanoparticles (Clark and Thomas,
1976). Two peaks that demonstrate the presence of an amine on the surface were found
at 286.3 and 289 eV. The peak at 286.3 has been previously characterized as C-Hadjacent to N-H group (Tu et al., 2004) and N-H has also been reported at 289.0
eV(Peeling et al., 1978). As a result, the amine functional group was also noticeable in
the carbon scan. The chemical composition of the magnetic core was confirmed by a
high resolution scan for iron. Previous studies show the presence of two peaks for Fe3O4:
710.6eV for Fe 2p3/2 and 724.1 eV for Fe 2p1/2 (Yamashita and Hayes, 2008). The two
peaks observed for iron at the binding energies reported previously (Figure 3.4b) and the
absence of a satellite peak confirmed the presence of magnetite (Fe3O4)—instead of
Fe2O3—as the core. Moreover, Figure 3.4c shows the high resolution scan for silica on
the NH2-modified magnetic nanoparticles, and a peak expected for Si 2p3/2 was observed
at 103 eV(Gonzalez-Elipe et al., 1988; Tu et al., 2004). Additionally, the peak at 94 eV
corresponds to Fe3O4 and confirms the magnetic behavior of the particles, as previously
reported in literature (Mills and Sullivan, 1983). Therefore, XPS analysis of the 'asreceived' Fe3O4/NH2 confirmed the presence of a magnetite core surrounded by a
polymeric silicate shell with amine groups present.
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Figure 3.4

XPS high resolutions spectra for ‘as-received’ Fe3O4/NH2 nanoparticles

(a) carbon, (b) iron and (c) silica. PMAA-Fe3O4-PNIPAM JP spectra show (d) shifted
carbon peaks showing –COOH (288.8 eV), C-O ( 286.7 eV) and C-C/C-H (285 eV) for
PMAA peaks, (e) iron is no longer detected due to the polymer now present over the
Fe3O4 core and the limited dp, and (f) different peaks for silica as the silicate from the
bare particles is no longer ‘visible’ due to the polymer but silica from the mica is now
present.
Surface-confined modification of the ‘as-received’ Fe3O4/NH2 with PMAA and
PNIPAM to produce biphasic magnetic JPs was also confirmed with XPS data (Figure
3.4[d-f]). A strong carbon 1s peak was located at 285 eV for C-H/C-C which is
characteristic of hydrocarbons. Both the polymers in this study and the silicate shell
structure of the bare nanoparticles contain C-C linkages. Nonetheless, this peak was
dramatically stronger in the PMAA-Fe3O4-PNIPAM JPs than in the ‘as-received'
Fe3O4/NH2, as is expected from the significantly larger number of C-C bonds in the
PMAA and PNIPAM structures. Moreover, carboxylic acids typically present two
characteristic peaks, –COOH at 288.8 eV (DeKoven and Hagans, 1986) and C-O at 286.7
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eV (Beamson et al., 2000), that could confirm the presence of PMAA in the resultant JPs.
These two peaks were observed in the high resolution scan of the PMAA–Fe3O4–
PNIPAM JPs (Figure 3.4d). Due to the close binding energy proximity of the C-N at 285
eV, it is difficult to separate peaks in this region for both PMAA and PNIPAM. In
addition, PNIPAM carbon peaks are close to the 285 eV value. For example, Tu et al.
analyzed the resulting binding energies of PNIPAM and their results showed that carbon
peaks for –CH3, –CH2–, and –CH– in PNIPAM were at 284.9, 285.3, and 286.2 eV,
respectively (Tu et al., 2004). Results shown in Figure 3.4d confirm a large peak at 285
eV; however, XPS instrument was unable to resolve a difference in 0.8 eV which is the
region that contains the different hybridized carbon peaks mentioned above. Finally, as
the sampling depth (dp) for XPS is at most 10 nm, surface-confined ATRP modification
of the ‘as-received’ Fe3O4/NH2 nanoparticles with polymer brushes was confirmed, as
peaks corresponding to the ‘bare’ system were no longer observed (Figure 3.4[e-f]).
Therefore, the surface-confined modification of these particles was achieved. [Note that
a strong peak was observed at around 102.5 eV for PMAA–Fe3O4–PNIPAM JPs. This
peak differs from the Si peaks at 282.3 eV (Si-C) and 103 eV (Si 2p3/2) eV seen in the
‘as-received’ Fe3O4/NH2 samples and corresponds to silica in muscovite mica (Wagner et
al., 1982), confirming that the slight Si contamination in the sample is from mica, as
discussed previously in the IR results.]
SEM and EDS techniques were utilized to confirm the presence of mica
sediments with the modified JPs. Figure 3.5(a,c) shows different SEM images on which
the JPs particle morphology can be observed, however, another material was also
observed as different images were collected Figure 3.5(b,d). The presence of small
67

circular particles, different in contrast of both materials, seems to appear and confirm the
presence and successful creation of JPs with this process. However, Figure 3.5(c,d)
showed a second spot on which a different morphological structure was observed. This
image has flat small sections (~ 1 micron) near the JPs. Previous spectroscopic (XPS and
ATR-FTIR) discussion showed the presence of silica particles perhaps from mica
residues. These SEM samples were then analyzed using EDS to determine any possible
source of contamination. The chemical structure of mica has elements different from
those utilized in the nanostructures in this work, such as aluminum and potassium
(Gonzalez-Elipe et al., 1988). Different high carbon and oxygen contents were observed
as EDS data were collected on the small circular particles. In addition, the presence of
nitrogen (present in PNIPAM) was also shown in some of the EDS scans. Other
elements such as aluminum, potassium, and silica also appeared in the elemental analysis
confirming that the contaminant material is mica. Despite obtaining different elemental
percentages, these are not reported due to the greater depth of penetration using EDS, as
compared to surface-sensitive techniques such as XPS, and possible carbon
contamination from the SEM grip support. As a summary, EDS confirmed the presence
of mica contaminant within the novel biphasic JPs system suspended in water; however,
it does not provide a quantitative analysis due to the high beam depth penetration and the
small size of the nanoparticles of this study.
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Figure 3.5

SEM images (a,c) shows PMAA-Fe3O4-PNIPAM JPs.

Additionally, silica particles from the mica can be seen as contaminants in the JP samples
(b,d).
ATR-FTIR and XPS confirmed the formation of PMAA-Fe3O4-PNIPAM biphasic
systems. Theoretical atomic percentages of NIPAM for carbon, oxygen and nitrogen are
75%, 12.5% and 12.5%, respectively. MAA theoretical atomic percentages for carbon
and oxygen are 67% and 33%, respectively. Thus, the average result obtained with XPS
(carbon 74.4% and oxygen 25.6%) are within a range of an expected mixed polymer
atomic concentration. All structural and chemical composition analyses confirmed the
successful formation of hemispherical Fe3O4/NH2-PNIPAM nano-structures and biphasic
JPs structures composed of PMAA-Fe3O4-PNIPAM.
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3.4.2

Morphology of the biphasic PMAA-Fe3O4-PNIPAM Janus nanoparticles.
TEM, SEM and AFM were used to analyze the morphology of the resultant Janus

magnetic nanoparticles after the two sequential ATRP reactions were carried out on
opposite hemispheres of the’as-received’ Fe3O4/NH2 nanoparticles. First, grafting of the
first polymer (PNIPAM) on one side of the magnetic nanoparticles using surface-initiated
ATRP was confirmed. The expected PNIPAM-Fe3O4/NH2 structure showed a half-moon
shape (Figure 3.6[a,b]) with an approximate width of 250 nm. The dark core can be
assigned to Fe3O4, the thin light-colored shell is the NH2/silane layer, and the thick grey
corona is comprised of the PNIPAM brushes grafted on the surface of the MNPs (Figure
3.6b). This half-moon shaped structure was due to the polymer (PNIPAM) growing on
the exposed MNP surface while they were attached to the mica substrate (Figure 3.6a).
However, some smaller (~ 10 nm) spherical structures could be observed at the outer
edge of the hemispherical PNIPAM polymer brush. Due to the size (much less than the
50 nm MNP), an absence of these smaller size particles in TEM images of the bare MNP,
and the strong PNIPAM chain association observed, it is likely that these dark spherical
area on the periphery are densely packed PNIPAM. It is obvious that in solution the
Fe3O4/NH2-PNIPAM structures self-assemble tail-to-tail with the PNIPAM chains
associating after being released from the mica substrate upon the pH shift. This type of
behavior can clearly be seen both in the formation of a second spherical PNIPAM–Fe3O4
structure observed (Figure 3.6[c,d]) that has also a diameter of approximately 250 nm and
also in the dense particulate seen in the interior.
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Figure 3.6

The half-moon/hemispherical morphology for Fe3O4/NH2-PNIPAM and
secondary (aggregated) structures (a,b) are shown by TEM.

A second aggregate structure comprised of Fe3O4/ NH2-PNIPAM was also identified
(c,d). Illustrations (a,c) depict each process theorized for the observed structures. [Note
that inset images (b,d) are at higher magnifications.]
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At this point, it is not entirely clear whether the PNIPAM chains were associated
with one another during the polymerization process or only after the particles were
released from the mica substrate. It may be that these dense PNIPAM particulates seen
on the periphery in Figure 3.6b and in the center of the structure in Figure 3.6d are free
PNIPAM chains than have collapsed on themselves more readily due to not being
confined on one end as a polymer brush structure. These free PNIPAM chains could be
formed from bromine initiator that was retained in the sample prior to monomer addition.
These secondary structures might be controlled by the concentration and removal method
for the bromine initiator, the solubility parameter of the solvent used for polymerization
and deposition (e.g, for TEM analysis), and by the ambient temperature—as PNIPAM is
a thermoresponsive polymer. The initial assembly, structural (re)organization—by
multiple triggers, and/or paramagnetic heating in response to a magnetic field is all
exciting aspects of these new thermo-responsive biphasic Janus material. Certainly there
is potential use of these multifunctional materials in a variety of applications. The
expected “half-moon” shapes were the dominant morphology of these Janus
nanoparticles, as was confirmed by TEM and AFM studies. Figure 3.7 shows an AFM
topography image of the hemispherical shape of PNIPAM-Fe3O4/NH2.
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Figure 3.7

AFM phase imaging showed the expected half-moon/hemispherical
morphology for Fe3O4/ NH2-PNIPAM that was also documented with TEM
(Figure 3.6b inset).

The magnetic core and polymer shell are distinctly visible in this two phase
metal/polymer system.
After confirming the desired morphology, the second monomer (MAA) was
grown on the opposite side of PNIPAM-Fe3O4/NH2 via ATRP. The PMAA-Fe3O4PNIPAM Janus NPs were found to aggregate at two different length scales (Figure 3.8
and 3.9). The first was the assembly of a few biphasic polymer JPs into defined clusters.
Figure 3.8 shows the aggregated PNIPAM as darker large spheres due to the hydrophobic
collapse and the more diffuse grey network structure is the hydrophilic PMAA swollen in
isopropanol. The second was the aggregation of these clusters into larger scale
assemblies. The small PMAA-Fe3O4-PNIPAM clusters (~400 nm) and the larger
assemblies (~1 micron) of biphasic JPs can be observed in the TEM (Figure 3.8) and
AFM images (Figure 3.9) as tertiary structures at very different length scales.
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Figure 3.8

TEM image of 3D asymmetric Janus magnetic nanoparticles deposited
from isopropanol

The darker clustered particles are comprised of agglomerated PNIPAM due to
hydrophobic collapse, and PMAA chains are more diffuse (lighter grey color) as they are
expanded due to the hydrophilic environment.
Recently, Walther et al. suggested that solvent selectivity is sufficient to induce
particle self-assembly into defined discrete clusters of JPs (Walther and Muller, 2008).
Thus, PMAA–Fe3O4–PNIPAM aggregation is dependent on the type of solvent used for
the dispersion of the nanoparticle composites. In this work, this self-assembly further
demonstrated the presence of two amphiphilic polymers in the JPs structure as confirmed
by TEM, AFM and SEM.
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Figure 3.9

AFM (a) height and (b) phase images of 3D asymmetric Janus magnetic
nanoparticles.

Long polymer chains are attached to the magnetic core and the PMAA–Fe3O4–PNIPAM
JPs are aggregated into assemblies > 1 micron
3.5

Conclusions
Three-dimensionally amphiphilic and asymmetric magnetic Janus nanoparticles

(JPs), PMAA-Fe3O4-PNIPAM, were synthesized by combining two methods (1)
electrostatic surface-binding interactions and (2) surface-confined reversible-deactivation
radical polymerization technique (ATRP). Chemical composition was analyzed using
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and Xray photoelectron spectroscopy (XPS). These techniques demonstrated the successful biphasic polymer modification of the amine-functionalized magnetic nanoparticles. ATRFTIR showed that post-polymerization the N-H peaks associated with primary amines of
the ‘as-received’ Fe3O4/NH2 nanoparticles were no longer observed. In addition,
characteristic carbonyl absorbances for PNIPAM and PMAA were observed for the
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PMAA-Fe3O4-PNIPAM JP system. Lastly, FTIR doublet peaks for the carboxylate anion
seen in from PMAA was clearly present. Using the sequential
adsorption/polymerization/release/polymerization method, two different polymers were
polymerized from opposite sides of iron oxide magnetic nanoparticles to form bi-polymer
Janus nanoparticles.
Morphological structure and structural changes were monitored by TEM, SEM,
and AFM and further supported the chemical composition results. The successful grafting
of the first polymer (PNIPAM) on one side of the magnetic nanoparticles using surfaceconfined ATRP with the particles electrostatically deposited on the mica surface was
demonstrated clearly in AFM and TEM images by the formation of a halfmoon/hemispherical morphology in the Fe3O4/ NH2-PNIPAM samples. The resulting
PMAA-Fe3O4-PNIPAM JPs system was formed only after the particles were released
from the mica surface by lowering the pH. ATRP was then performed on the newly
released amine functional groups of the magnetic nanoparticles. The final bi-polymeric
Janus nanoparticle structure with Fe3O4 core was confirmed through spectroscopy and
microscopy. The morphologies at each synthesis step agreed with the expected and
observed chemical composition changes and support the formation of a PMAA-Fe3O4PNIPAM JPs system. These thermo-responsive biphasic Janus nanostructures have
tremendous potential due to their multifunctional nature and the inherent dynamic control
over their size, shape, and spacing.
This study provides a framework for a methodology to create spatially and
chemically amphiphilic Janus nanoparticles in a facile manner. The strategy was
monitored and confirmed by multiple chemical composition and morphological
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experimental techniques. This approach has the potential to be extended to the synthesis
of other types of biphasic polymer systems, particle types, and other electrostatically
charged materials.
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A STUDY OF THE PH- AND THERMO-RESPONSIVE BEHAVIOR OF A SERIES
OF AMINO (METH)ACRYLATE POLYMER BRUSHES ON SILICON
SUBSTRATES

4.1

Abstract
Surface-confined ATRP and/or SET radical polymerizations have been used to

synthesize a series of surface-tethered poly(amino (meth)acrylates) brushes from silicon
substrates that were modified with silane self-assembled monolayers (SAM). The
following polymers were synthesized: poly((2-dimethylamino) ethyl methacrylate)
(PDMAEMA), poly((2-diethylamino) ethyl methacrylate) (PDEAEMA), poly((2dimethylamino) ethyl acrylate) (PDMAEA), and poly ((tert-butylamino) ethyl
methacrylate) (PTBAEMA). In-situ characterization techniques, including AFM and
ellipsometry, were used to evaluate the thermo- and pH-responsiveness of these
materials. A new general-oscillator (GENOSC) model was used to determine swelling
ratio, thickness, and optical constant changes in the polymer brush as pH was changed insitu. AFM was used to study morphological changes due to changes in pH and
temperature, and results were compared with the traditional Cauchy layer model. A new
method for evaluating optical constants of surface-tethered polymer brushes as pH and
temperature are changed is the main outcome of this work.
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4.2

Introduction
Stimuli-responsive polymers (SRP) can expand and collapse as a response to an

external effect in different configurationally structured shapes. Polymer brushes that are
tethered on a substrate are called “smart surfaces” due to the responsiveness as an
external stimulus is applied. Surfaces such as flat wafers (Alarcon et al., 2005),
nanoparticles (Bi et al., 2008; Tagliazucchi et al., 2012), membranes (Wandera et al.,
2010), microfluidic-devices, and many others (Kikuchi and Okano, 2002; Nath and
Chilkoti, 2002; Gil and Hudson, 2004; Twaites et al., 2004; Azzaroni, 2012) are of
interest to find a variety of different applications. Nonetheless, these polymer brushes are
limited in motion as one end of the polymer is attached, physically or covalently, to the
surface of the desired substrate. Polymer brushes can be covalently grafted on a
particular substrate by using a “grafting-to” or a “grafting-from” approach as introduced
in Chapter 1. Briefly, in a “grafting-to” approach the polymer is already formed and is
then covalently attached to the surface of the substrate, generally by using a reactive
group often located on the chain terminus. Conversely, for a “grafting-from” approach
the polymer is “grown” up from the substrate, allowing for more precise control over the
polymer brush structure and density. In addition, controlled layer thickness and/or chain
molecular weights can be obtained by using reversible-deactivation radical
polymerization (RDRP), also known as controlled radical polymerization (CRP)
(Matyjaszewski, 2012). Different studies have used RDRP approach for the synthesis of
polymer brushes including surface-confined atom transfer radical polymerization (SCATRP) (Yoon et al., 2008), supplemental activators and reducing agents (SARA-ATRP)
(Mendonça et al., 2011), electrochemical ATRP (eATRP) (Matyjaszewski et al., 2001),
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initiators for continuous activator regeneration (ICAR), and reversible additionfragmentation chain-transfer polymerization (RAFT) (Bouchekif and Narain, 2007).
Characterization techniques of grafted polymers are important to determine grafting
density, thickness, and evaluate responses to environmental changes such as light, pH,
temperature, ionic strength, etc. Many SRP are charge-based and thus are responsive
only in a liquid environment. Therefore, novel characterization techniques are required
to evaluate the properties of tethered SRP brushes under different in-situ conditions.
Amino (meth)acrylates polymers have been well-studied because of their medical
and biological application potential. These are weak base SRPs that are triggered by pH
changes due to their capability to accept and donate protons and hence extend or collapse
under acidic or basic conditions respectively. The most studied methacrylate polymer is
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), which has been characterized
as a pH- and thermo-responsive polymer with a pKa of 7.0-7.3 (Li et al., 2011) and a
lower critical solution temperature (LCST) in the range of 32-52 °C, depending on the
molecular weight and polydispersity (Munoz-Bonilla et al., 2007). Poly(2dimethylamino) ethyl acrylate (PDEAEMA) is similar to PDMAEMA in that it contains a
tertiary amine group on the pendant group. PDEAEMA is a weak (basic) polyelectrolyte
and has been characterized as a pH-sensitive polymer with a pKa of 7.3 (Liu et al., 2002).
Other (meth)acrylate polymers have been studied as potential pH- or thermo-responsive
materials, including poly(2-(dimethyl amino)ethyl acrylate) (PDMAEA), poly(3(dimethylamino)propyl methacrylate) (PDMAPMA), poly(tert-(butylamino)ethyl
methacrylate) (PTBAEMA), and others (van de Wetering et al., 1999). The pHresponsiveness of these materials is caused by the protonation or deprotonation of the
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pendant tertiary amine. When tethered to a surface, the responsive behaviors of these
polymers have been evaluated in-situ using a variety of techniques including ellipsometry
(Xue et al., 2011; Bittrich et al., 2012), neutron reflectivity (Sanjuan et al., 2007), atomic
force microscopy (AFM) (Sui et al., 2011), gravimetric methods (Chang et al., 2011), and
ATR-FTIR (Rakhmatullina et al., 2007; Rowe-Konopacki and Boyes, 2007; Sanjuan et
al., 2007; Bittrich et al., 2012). Other techniques have been used to evaluate the pH and
thermal response when polymeric chains are dispersed in solution. The pH and
temperature response of amino (meth)acrylate polymers in solution has been studied
using dynamic light scattering (DLS), turbidity measurements, and potentiometric
methods, to determine for example the critical transition pH of these polymers where
collapse/expansion occurs (Vamvakaki et al., 2004; Wu et al., 2005; Li et al., 2009). The
focus of this chapter is to study the pH- and thermo-responsive properties of polymer
brushes; however, these properties can change for free polymer chains in solution. In
addition to the polymer chemistry, structural parameters, such as molecular weight and
grafting density, affect the responsive behavior of these polymer brushes and they need to
be considered when analyzing in-situ data.
In-situ characterization techniques have been used to examine the real pH- and
thermo-responsiveness of SRP. For example, Hartmann and coworkers (Naini et al.,
2011) studied the temperature-dependent response rates of PNIPAM brushes grafted on
silica using a novel optical microscope configuration. They measured micro- to the
millisecond response time scales by using a microfocused continuous wave laser beam to
obtain a particular temperature value (between ambient to 48 °C) by adjusting the laser
intensity. The thermal response of PNIPAM brushes was studied with in-situ
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ellipsometry using a dedicated temperature-control cell by Kooij et al. (Kooij et al., 2012)
and at different heating rates in pH buffer solution by Uhlmann and coworkers (Bittrich
et al., 2012). In this chapter, the responsiveness of a series of surface-tethered amino
(meth)acrylate polymer brushes was evaluated using in-situ spectroscopic ellipsometry
with different pH phosphate buffer solutions (PBS) with constant ionic strength.
The goal of this chapter is to describe in-situ analytical methods and the in-situ
behavior of stimuli responsive polymer brushes. In this work in-situ ellipsometry
measurements were used to evaluate the response of polymer layer thickness and
corresponding optical properties were evaluated at different pH and temperature
conditions for four different polymers: PDEAEMA, PDMAEMA, PDMAEA and
PTBAEMA. A general oscillator layer (GENOSC) model was used to determine the
thickness and optical properties of the polymer brush. GENOSC layers have different
oscillator options, such as Gaussian, Lorentz, Cody-Laurent, etc., and are KramersKronig (K-K) consistent, where polymer light absorption is taken into consideration
(Tompkins and McGahan, 1999); this feature is not possible with the Cauchy layer model
that is traditionally used for polymer brushes thickness determination. The GENOSC
model was recently utilized for determining polymer/nanoparticles ratio using an
effective media approach (Schädel et al., 2012). However, evaluation of the pH- and/or
thermo-responsive properties of polymer brushes with a GENOSC layer model have not
been previously reported. Moreover, in-situ AFM was performed to examine
topographical and phase segregation polymer morphology changes as a function of pH
and temperature. Finally, contact angle measurements were conducted on each polymer
brush characterized on this study. Understanding the behavior of amino(meth)acrylate
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polymer brushes as a function of ionic strength, temperature, and pH will have significant
impacts on the development of drug release mechanisms and gene delivery technologies
based on these SRPs (van de Wetering et al., 1999).
4.3
4.3.1

Experimental section
Materials
The following chemicals were used as received from Aldrich: (3-

aminopropyl)dimethylethoxysilane (99%), 2-bromoisobutyril bromide (BIB, 98%), 2bromopropionyl bromide (BPB, 97%), 2,2’-bipyridine (> 99 %), 2-(diethylamino)ethyl
methacrylate (DEAEMA, 99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA,
98%), 2-(dimethylamino) ethyl acrylate (DMAEA, 98%), 2-(tertbutylamino)ethylmethacrylate (TBAEMA, 97%), tris(2-amino-ethyl)amine (97%),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), copper (I) bromide
(CuBr, 98%), copper (II) bromide (CuBr2, 99.999%), copper powder (Cu (0), 99%),
formic acid (>95%), formaldehyde (37 wt%), sodium hydroxide (99.5%),
dichloromethane (>99.5%), toluene (anhydrous), methanol (>99.8%), dimethyl sulfoxide
(DMS, >99.9%), isopropyl alcohol (IPA, 70% aq), and water (HPLC grade).
Hexamethylated tris(2-aminoethyl)amine (Me6TREN) was prepared as described
elsewhere (Queffelec et al., 2000). Silicon wafers (<1 1 1>, 1-5 Ohm, 475-575 micron
thick) were purchased pre-diced (1x1.2 cm) from SiliQUEST International (Reno, NV).
Certified pH phosphate buffer solutions (PBS) with pH values ranging from pH 2 to 12
were obtained and used as received from Fisher Scientific (Fisher Chemical); these PBS
solutions had salt concentration of approximately 0.05 M and additional information
regarding the ionic species present in these PBS is given in APPENDIX E (Section E.2,
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Table E.1). In addition to the purchased, certified PBS, other pH solutions were prepared
and used to assess pH responsiveness of the polymer brushes: pH 2 solution
(hydrochloric acid and potassium chloride), pH 7 solution (sodium phosphate and
potassium phosphate) and pH 10 solution (sodium bicarbonate and carbonate). In
addition, the different polymers characterized in this work have different pKa
dissociation constants. Table 4.1 shows the pKa of different polyelectrolytes including
the ones studied in this work.
Table 4.1

4.3.2
4.3.2.1

pKa of different polyelectrolytes in solution
Material

pKa

Reference

Poly(acrylic acid )

4.7

Richter et al., 2008

poly (l-glutamic acid)

4.9

Zhou et al., 2008

PDMAEMA

8.44

Sutani et al., 2002

PDMAEA

7.5

Laurienzo et al., 2006

PDEAEMA

7-7.3

Amalvy et al.,2004

Synthesis and surface modification of silicon substrates
Monolayer preparation
Silicon (Si) wafers were cleaned using a two-step procedure. First, Si wafers were

sonicated in clean isopropyl alcohol/water solution (IPA, 70% v/v) two times for 30 min
each cycle. Next, the Si wafers were immersed in a piranha solution (70/30 v/v H2SO4
(30%)/H2O2 (35%)) for 1 h.

(Caution!! Piranha solution is highly reactive and

appropriate personal protective equipment must be used at all times.) The Si wafers were
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then rinsed three times in clean water, placed in clean water for 30 min, and then dried
with N2. Silanization was carried out by immersing the wafers in a 10 mM solution of 3aminopropyldimethylethoxysilane in anhydrous toluene for 24 h. The terminal primary
amine on the SAM will be used to attach the initiator for polymerization. After the SAM
deposition, sonication was performed at least three times in clean toluene to remove any
physisorbed material. The amine-functionalized Si wafers (Si-NH2) wafers were then
rinsed in ethanol and dried with N2.
4.3.2.2

Initiator immobilization.
Initiated surfaces were prepared by immersing the Si-NH2 wafers in 3% v/v

toluene solutions of either the BPB or BIB initiator. This reaction was carried out
overnight. The initiated surfaces (Si-Br) were then rinsed and sonicated at least three
times with clean toluene, dried with a N2 stream, and placed under an inert atmosphere to
await polymerization.
4.3.2.3

Surface-confined ATRP for Poly-(amino (meth) acrylates).
Four different amino(meth)acrylate homopolymers—DMAEMA, DEAEMA,

DMAEA, and TBAEMA—were grown from these bromo-initiated substrates by ATRP
under an inert N2 atmosphere. Details of the DMAEMA ATRP polymerization are
provided as an example. The same polymerization steps were followed for the the
synthesis of other homopolymers. Briefly, DMAEA (3 mL), Me6TREN (22.8 mg), CuCl
(9.7 mg) and CuCl2 (1.4 mg) were added to a flask and purged with nitrogen for about 2
h. Then, five freeze-pump-thaw cycles were used to degas the flask. The degased
monomer/ligand/catalyst solution was added to a flask containing the Si-Br substrate and
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the reaction was allowed to proceed for 72 h. This reaction was carried out using bulk
monomer solution with a molar ratio of 200/10/10/1 of DMAEA/CuCl/CuCl2/Me6Tren.
Other reaction times, temperatures and solvents were utilized for the different surfaceconfined polymerizations on this work, and are depicted in APPENDIX E, Section E.3.
4.3.3
4.3.3.1

Characterization techniques
Ellipsometry measurements: Dry and in-situ characterization.
A Woolam-M spectroscopic ellipsometer with a 220–1000 nm wavelength range

was used with a fixed 70° angle liquid cell for data collection. Data were collected on a
custom-build liquid cell able to resist abrupt changes in pH and temperature. A
peristaltic pump was used to control volumetric flow rates and switch different pH
solutions. Additionally, pH values were checked before and after each experiment, using
a pH-meter outside the cell, to ensure constant solution pH values. Proper adjustments,
such as liquid-cell windows effects, were considered for variations on data acquisition
and correct GENOSC modeling. Data presented in this work represents the average of at
least two measurements on each polymer-brush sample, unless otherwise specified. A
general oscillator model (GENOSC) was used for polymer layer modeling (Schädel et al.,
2012) in order to determine the precise layer thickness and optical constants, and
guarantee Kramers-Kronig (K-K) consistency. The same GENOSC model was used to
characterize the swelling behavior of the polymer brushes using CompletEASE software
(v.4.68, J.A. Woollam Co., Inc.). The software also allowed for the thermal variations
and windows effects to be accounted for data fitting. Gaussian oscillator(s) were used for
fitting polymer brush thickness, accounting for amplitude, broadening, and energy
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position as the main fitting parameters as recommended elsewhere(Tompkins and
McGahan, 1999; Hinrichs et al., 2008) (Fujiwara, 2007).
4.3.3.2

AFM: In-situ measurements
To obtain the in situ morphology of the tethered polymer brushes, a Dimension

Icon AFM (Veeco-Bruker, Santa Barbara, CA) with Scanasyst model was used.
Scanasyst-fluid nitride tips (T: 0.5-0.7 m, a frequency of 120-180 KHz; K=0.7 N/m)
were utilized for the in-situ measurements with different pH solutions inside a fluid cell.
Sample preparation consisted of depositing a drop of PBS solution on top of the Si wafer.
Then, a drop of the same pH solution was deposited on the nitride tip while aligning the
instrument. Carefully, both drops were put in contact as the cantilever head was lowered
to the polymer brush surface. Once the drops were in contact, alignment of the scanning
head was checked, and a calibration mark (scratch) was located and scanned to determine
the height of the polymer brush with respect to the Si surface. Topography and phase
segregation of the polymer brushes was also observed as the pH of the surrounding
solution was changed.
4.4

Results and discussion
PDMAEMA, PDEAEMA, PDMAEA, and PTBAEMA were polymerized from Si

substrates were characterized to demonstrate their pH and temperature responsiveness.
Figure 4.1 shows the chemical structure of the corresponding monomers. Three of these
polymers have tertiary amine pendant groups (PDMAEMA, PDMAEA and PDEAEMA)
and the fourth polymer contains a secondary amine pendant group (PTBAEMA). The
secondary amines can hydrogen bond, while the tertiary amine cannot. Conversely, the
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tertiary amine is able to protonate more readily. These chemical differences are expected
to alter intramolecular bonding, transition temperatrures, and charge, and these will be
moderated by the local pH and temperature. These polymer brushes were analyzed
using in-situ ellipsometry, for pH changes, and in-situ AFM while examining their
behavior at different pH and temperature conditionss.

Figure 4.1

Amino(meth)acrylate monomer structures

Homopolymer brushes were grown using surface-confined ATRP from Si and the pHand thermo-responsiveness evaluated.

4.4.1

Analysis of the pH response of polymer brushes
The pH response of each polymer brush grafted on Si substrates was characterized

by thickness and the swelling ratio percentage. The swelling ratio percentage is
calculated using the formula
𝑊𝑒𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠−𝐷𝑟𝑦 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜(%) = (

𝐷𝑟𝑦 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
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) ∗ 100

(4.1)

where wet thickness indicates the thickness of the solvated polymer brush and dry
thickness represents the polymer brush thickness obtained under non-solvated, ambient
conditions. Each polymer was evaluated using the GENOSC model as a function of pH.
All the results shown in this chapter were conducted at ambient temperature (~ 23 °C),
unless otherwise specified.
4.4.2

Poly(2-dimethylamino)ethyl methacrylate (PDMAEMA)
Poly((2-dimethylamino)methyl acrylate) (PDMAEMA) is a well-known polymer

that responds to pH and temperature fluctuations (Ayres et al., 2007; Rowe-Konopacki
and Boyes, 2007). Figure 4.2 shows the swelling ratio results obtained for PDMAEMA
as a function of time as pH was changed from 4 to 6 three times at ambient temperature.
Interestingly, PDMAEMA , a polymer with a pKa value ranging between 7 and 7.3,
demonstrated a swelling ratio increase as pH increased. These experiments are consistent
with previous findings that demonstrated the pH-sensitive behavior of PDMAEMA in
solution (Zhang et al., 2007; Zhou et al., 2007; Chen et al., 2008); however, results
contradict earlier reports where thickness decreased as pH increased due to the
protonation occurring in the polymer backbone. For example, PDMAEMA/PEG mixed
polymers were studied at pH 9.2 showing an average hydrodynamic diameter of 214 nm,
expanding at a lower pH ~ 5 to 272 nm (Chen et al., 2008). Zhang et al. performed DLS
experiments on PDMAEMA as it was grafted on the surface of styrene, results in a
thickness decrease from 124 to 65 nm. Additional experiments were performed using
NaCl, a salt that influence the hydration properties of the polymer chains (Zhang et al.,
2007). Swelling and collapse transitions have also been explored as different electrolytes
interacts with PDMAEMA as grafted on the surface of Au-coated Si wafers. However, it
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was demonstrated that a low concentrations of electrolytes does not affect the swelling
ratio of PDMAEMA using electrochemical impedance methods (Zhou et al., 2007). It is
expected that at low pH values the PDMAEMA chains become protonated and swelling
occurs. As the pH increases, the PDMAEMA chains will deprotonate and the chains
collapse. In the present study, while each pH PBS used in the in-situ ellipsometry
experiments had the same 0.05 M ionic strength, each PBS contained different salt
species. Therefore, it is theorized that the salt species used at pH 4 and pH 6 affected the
swelling behavior of PDMAEMA, due to the association-dissociation on the polymer
brush depends on pH, salt types and concentration (Zhou et al., 2007). PBS buffer
solutions were selected due to their constant salt concentration of 0.05 at pH value.
Previous studies have confirmed the interesting results obtained in this work, where a
polymer brush expands at small salt concentrations as a result of electrostatic interactions
(Biesalski et al., 2002). Moreover, ‘weak polyelectrolytes’ such as PDMAEMA grafted
on a planar surface are difficult to understand due to the need of having dense polymer
layers on well-defined surfaces. In an effort to better understand interactions of PBS
buffer solutions with the different amino methacrylates polymers, contact angle
measurements and AFM imaging experiments were conducted.
Water static contact angle(WCA) measurements for PDMAEMA resulted in 77.8°
± 13.7°. This value is above the reported on literature for PDMAEMA on Si/SiO2
surface that was 48° ± 3° (Yu et al., 2003). In fact, advancing and receding contact
angles for PDMAEMA can be as low as 35° and 10°, respectively (Sha et al.,2000).
Thus, a hydrophilic surface is expected; however, results obtained in this work showed a
much larger WCA. In order to see the effect of uncoated areas, a Si-SAM wafer was
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examined and results showed a WCA of 77.8° ± 13.7°. Thus, it is strongly believed that
PDMAEMA is not homogeneously distributed over the surface of the Si-SAM wafer. A
table with different WCA for the samples characterized in this work is shown in Table
E.3 (APPENDIX E).
Over the course of different pH 4-6 cycles, the swelling ratio at all pH values was
very consistent. However, after the second full cycle, the swelling ratio at pH 4 seems to
increase as compared from the first two cycles. These unforeseen results were
demonstrated to be an effect on salt deposition on the recirculating tubing; thus, pH
values were slightly affected to the point that the polymer swell/contract. To further
examine these results, a different experiment was conducted to demonstrate the effects of
slight pH changes on the swelling behavior of PDMAEMA. APPENDIX E provides a
study on the influence of switching pH solutions in-situ, demonstrating the sensitivity of
the grafted PDMAEMA brushes to slight pH changes.
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Figure 4.2

Swelling ratio of a PDMAEMA polymer brush as a function of time with
three cycles of shifting pH from 4 to 6.

The effect of ionic species, from PBS solutions, on protonation/deprotonation on
PDMAEMA was further evaluated using the custom pH solutions described in
APPENDIX E. Again, in-situ ellipsometry was used and the brush thickness was
evaluated using the novel GENOSC model. This experiment was performed to evaluate
the consistency of the previous results using the exact same sample. Figure 4.3 shows the
swelling ratio of PDMAEMA as pH is changed from 2, to 4, to 7, and finally to 10. At a
very low pH (2), the PDMAEMA brushes were fully protonated and extended, showing a
large thickness as expected, and as reported in the literature. As the pH was switched to
4, the polymer brushes deprotonated, and the thickness decreased. The polymer brush
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swelled when the pH was increased to 7, and then to 10. These findings fit well with the
experimental data shown in Figure 4.2 where only pH 4 and 6 were examined and
confirm that the PBS directly affects the deprotonating/protonation of the polymer
brushes grafted on Si substrates. In addition to proton accept/donor changes, electrostatic
interactions of the polymer chain and counterions need to be considered to fully
understand the behavior and changes of the polymer brush at different pH conditions
(Rahane et al., 2008). One goal of this work is directed toward obtaining a general
oscillator model that is capable of characterizing the absorption effects of polymer
brushes as they are grafted on Si substrates, resulting in the in-situ characterization of
these materials. Thus, future studies on which different pH solutions are used are
recommended to compare salt-types effects on the pH-responsiveness properties of these
polymers.
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Figure 4.3

PDMAEMA swelling ratio as a function of time obtained for different PBS
solutions at different pH values.

PDMAEMA morphology was examined using AFM height and phase images at
different pH conditions. Figure 4.4(a-c) shows representative images of the PDMAEMA
polymer brush and its configurations at different pH conditions. As the pH increased,
swelling behavior was observed, matching ellipsometry measurements and data fitting.
High swelling areas and non-uniform polymer zones were observed at the different pH
values. Certain “globular” swelling configurations were observed at each pH condition
(Figure 4.4), demonstrating the partial effect of swelling as increasing pH. Particle size
analysis was used to determine the height of the polymer brushes at different pH
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conditions. This analysis was performed to obtain an average height which could be later
compared with ellipsometry characterization. Using AFM, selected areas of 10
micrometers that contained the polymer brush were analyzed for height determination.
Polymer brushes were not homogeneous in size with high variability in small areas
observed. Figure 4.4(d) shows an example of a selected area for particle height
determination at a pH 10 for PDMAEMA. AFM swelling ratios were calculated using
equation 1, however, dry thickness and wet thickness were obtained from the different
AFM measurements. Results showed swelling ratios of 27.5%, 73.1%, and 95% for pH
4, 7, and 10, respectively. The average height obtained for each picture was used for
these calculations; variability was high for all the samples. As discussed, AFM
measurements provide a second option for the analysis of change in swelling ratio but
reveal great variability within the small sample areas. AFM correlates well with
ellipsometry data, showing an increase in swelling ratio of PDMAEMA as pH increases.
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Figure 4.4

Height AFM images for PDMAEMA

a) pH 4, b) pH 7, c) pH 10, and d) particle height calculations based on data selection.
4.4.3

Poly(2-dimethylamino-ethyl) acrylate (PDMAEA)
Poly(2-dimethylamino-ethyl) acrylate (PDMAEA) has been characterized as a pH

responsive polymer. The pKa of the monomer is 8.3 (Kim et al., 2012) with a pKa in
solution ranging from 8.1-8.6 (Suchao-in et al., 2009; Kim et al., 2012). At pH values
below the pKa, this polymer becomes protonated, and the positive charges repel each
other due to the internal electrostatic interactions, producing a swelling behavior of the
polymer chains. In this section, a discussion of PDMAEA grafted on silicon substrates is
presented. The experiments were conducted at different pH values, demonstrating the
stability of these polymer brushes while switching pH. Different pH PBS solutions, 4, 6,
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7, 8, and 10, were evaluated to demonstrate any particular change on the polymer brush
as a function of pH. As expected, the polymer brush was fully expanded below the pKa
and high swelling ratios were detected by ellipsometry, shown in Figure 4.5. These
results show a deprotonation effect occuring at pH values above 7, resulting in collapsed
polymer chains on the Si substrates. These values are particularly important due to
promising applications of PDMAEA in drug delivery applications. For example, Troung
et al. demonstrated the release of SiRNA and DNA from PDMAEA as pH was changed.
Moreover, PDMAEA is a nontoxic polymer that undergoes degradation and does not
alter cellular behavior, making it attractive for drug delivery applications (Truong et al.,
2011a; Truong et al., 2011b).

Figure 4.5

Swelling ratio of PDMAEA as a function of pH.
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PDMAEA optical properties were obtained using the GENOSC layer
characterization model presented and discussed previously. The optical properties of
PDMAEA-grafted polymer on the Si wafer changed as a response to pH. A low
refractive index was obtained below the critical pH (~8) where the polymer was fully
extended and protonated, whereas a high refractive index was obtained above the critical
pH. GENOSC layers provide the advantage of considering absorbing regions of the
polymer films, allowing for refractive index model calculations as a function of pH
transitions. Results for the analyzed optical properties, refractive index, and the
extinction coefficient are shown in Figure 4.6. Absorption peaks occurring below 600
nm wavelength were observed, improving the model as compared to Cauchy layer
calculations. Similarly, PBS solutions become absorbing at wavenumbers below 315 nm.
Data were fitted on wavenumbers above 315 nm to avoid errors when fitting the data.
PDMAEA morphology was examined using in-situ AFM at different pH values.
A pH of 4 was chosen because this value is below the pKa of DMAEA monomer and in
the expanded region as shown by ellipsometry results. A drop of pH 10 PBS buffer
solution was deposited on PDMAEA-Si wafers to analyze any change in morphology.
Figure 4.7 shows the AFM topography image results for different pH conditions.
Topological changes were observed in the sample as pH was switched. At pH 10, the
polymer brush was in a collapsed state repelling the positive charges; however, the
polymer is in an extended configuration at pH 4. PDMAEA configurational state at pH
10 can also be observed on peak force error images, as shown in Figure 4.7 (c,d), where
the polymer seems to be oriented in different directions on the surface of the Si wafer.
Polymer brush configuration on the Si wafers and grafting density were not consistent
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despite the interesting results shown on topological changes at different pH values.
AFM confirms the structural changes reported previously by ellipsometry measurements,
becoming a potential tool for future examination of surface-tethered polymers.

Figure 4.6

Optical properties (n,k) of PDMAEA at pH values a) below and b) above
the critical pH
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Figure 4.7

4.4.4

Height and peak force error AFM images of PDMAEA at a,b) pH 4 and
c,d) pH 10, respectively

Poly(2-diethylamino-ethyl) methacrylate (PDEAEMA)
Ellipsometry results demonstrating the swelling behavior of PDEAEMA brushes

are shown in Figure 4.8. In this particular case, swelling ratio increased rapidly as a
response to change in pH and was constant, but different, for each pH. Conversely,
results in literature indicate a collapse of PDEAEMA polymer brushes, comparable with
PDMAEMA, as pH is increased. For example, Sun et al. demonstrated extended polymer
chains at low pH values due to the protonation occurring in their internal structure (Sun et
al., 2010). Similarly, Liu et al. confirmed that at pH values greater than 8, PDEAEMA
chains becomes hydrophobic due to the deprotonation occurring on the amine groups
(Liu et al., 2008). In contrast, the results of this work at high pH (10) showed an increase
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in thickness with respect to acidic pH values, revealing additional features that have not
been previously reported. This particular effect may be a result of salts diffusing through
the different polymer brushes and producing an effect on the thickness of the polymer
brush. This particular response could be exploited for controlling the release and or
capture of physisorbed materials trapped within the polymer brush when
concentration/salts present in solution are known.
Different applications can be obtained by using PDEAEMA with PBS buffer
solution. For instance, nanoparticles dispersion and aggregation effects could be
exploited with PDEAEMA surface modified materials, and carbon-walled nanotubes
surface-modified with PDEAEMA show aggregation as the pH is increased at values
above 7 (Li et al., 2005). Results from this work contrast this theory, and could lead to
better dispersion of nanotubes in basic pH solutions when phosphate buffer solutions are
present. Thus, a plethora of applications at the nanoscale level could potentially be
explored using SRPs like PDEAMEA, PDMAEMA and PDMAEA in PBS solutions.
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Figure 4.8

Swelling ratio (%) of PDEAEMA at different pH conditions and constant
temperature (ambient)

The morphology of PDEAEMA was also analyzed by AFM in-situ
characterization. Previous AFM studies on PDEAEMA have been reported in literature
for dry-state conditions, but to the author’s knowledge no swollen/hydrated AFM
characterization has been carried out on this polymer (Feng et al., 2009). In this work,
the in-situ characterization while the polymer is tethered to a surface and the pH changes
is presented, analyzed, and discussed. A comparison of PDEAMEA in dry and hydrated
state is shown in Figure 4.9. PDEAMEA chains are hydrated (pH 4, 6) with respect to
the dry height image. This result confirmed the protonation/deprotonation that takes
place as the polymer is characterized in-situ. Interestingly, different morphological
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features were observed as pH was switched from 4 to 6. This result can be associated
with the different protonation effect that occurs when the polymer is in solution,
confirming the response obtained by ellipsometry measurements.

Figure 4.9

PDEAEMA phase and height images

a) dry conditions, b) pH of 4 and c) pH of 6
4.4.5

Poly (tert-butylamino) ethyl methacrylate (PTBAEMA )
The last polymer analyzed in this section is PTBAEMA, a polycationic polymer

with secondary amines and a backbone structure comparable to PDMAEMA and
PDEAEMA. However, PTBAEMA has a tert-butyl substituent group interfering with the
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protonation effect and pH responsiveness of the material. PTBAEMA has been used as a
biocide and for the formation of antifouling paint and coatings (Lenoir et al., 2005;
Thomassin et al., 2007; Compagnoni et al., 2012). Recently, it was demonstrated that
linear PTBAEMA dissolves in acidic solutions when the polymer is at low pH conditions.
Thus, a necessary level of crosslinking was required create a stable polymer and produce
a pH responsive material (Morse et al., 2012). This work examines PTBAEMA tethered
to a Si surface in an effort to analyze any pH responsiveness under PBS solutions at
different pH values. Figure 4.10 shows the response of PTBAEMA as a function of pH.
PTBAEMA thickness on dry conditions (~6 nm) was relatively small as compared with
the polymers previously analyzed. The responsiveness of this polymer brush was
evaluated using a simplified Cauchy model (600-1000nm wavenumber range), due to
poor fitting of optical constants for polymer films below 10 nm (Fujiwara, 2007). Results
showed PTBAEMA protonates at acidic pH causing a swelling behavior with respect to
the dry state. Once the polymer was fully protonated and the pH gradually increased, a
controlled decrease in thickness was observed, resulting in a collapse of the polymer
chains. These results demonstrate that PTBAEMA is a pH responsive polymer despite
the bulky tert-butyl groups present on the backbone of the polymer, which is in
agreement with the results shown in previous findings (Morse et al., 2012). Cauchy layer
modeling verified the changes in thickness of PTBAEMA as a function of pH, though
fitted optical properties for PTBAEMA at this low thickness were not possible. Analysis
of thicker PTBAEMA brushes grafted on the surface of Si substrates are strongly
recommended for future in-situ characterization since this polymer has potential uses as
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an antimicrobial agent and/or resin combinations for dental fixtures (Paleari et al., 2011;
Compagnoni et al., 2012; Marra et al., 2012).

Figure 4.10

Temporal PTBAEMA thickness response to change in pH

AFM pictures were also collected for PTBAEMA (Figure 4.11) despite the small
thickness. Similar morphology was obtained for the different pH conditions analyzed
and as pH was switched compared with a dry state topography image. Due to the small
difference in thickness and non-homogenous polymer brush presence on the PTBAEMASi surface, difficulties arose to calculate and estimate the pH responsiveness of this
material. Further analysis was conducted on the surface of this material using a
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temperature response liquid cell stage installed on the AFM instrument as discussed in
the following section.

Figure 4.11

4.4.7

AFM height images of PTBAEMA at different dry and pH solutions

Summary: pH responsiveness and temperature evaluation of amino
(meth)acrylate polymers grafted on Si surfaces
All four polymers demonstrated pH responsiveness, an expected result caused by

the protonation that occurred in the amine groups of the polymer backbone. Moreover,
PTBAEMA and PDMAEA followed the traditional and expected trend: as pH solution
changes from acidic to basic conditions, chain collapse occurs as the polymer behavior
changes from hydrophilic to hydrophobic. These results are confirmed with literature
values and the different analysis previously discussed in this chapter. Conversely,
PDEAEMA and PDMAEMA displayed different, unexpected swelling behavior as the
pH was increased. Despite the fact that PDMAEMA demonstrated a collapse as pH
increased from 2 to 4, it swelled as pH was increased from 4 to 7. These results invite
further studies and investigations regarding the collapse observed for the polymer chains
when PBS solutions are used. Other parameters to consider that could potentially affect
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this behavior include grafting density and chain length, and need to be examined as
possible triggers/causes.
In an effort to understand the temperature behavior of the different polymers
analyzed in this work, AFM was run at different temperatures. Due to the nonhomogeneity of the polymer brushes, these studies were performed using an average
value for the observed height at the different pH conditions evaluated. Significant
changes in thickness with respect to temperature could not be observed for the different
polymers of this work (Figure 4.12). Thus, the temperature responsiveness of these
materials was not detected with in-situ AFM measurements. Other studies such as
neutron reflectivity and ellipsometry might be better tools due to their sensitivity with
change in thicknesses. However, using these techniques requires the utilization of more
complex models and equipment for the correct fitting of the polymer changes. Swelling
ratios plots were not obtained due to the small difference obtained with respect to wet vs.
swollen thickness. Nonetheless, Error! Reference source not found. (APPENDIX E)
has different individual images on which temperature responses for each polymer can be
observed.
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Figure 4.12

4.5

Thermo-responsive behavior for the different poly(meth)acrylate polymers
evaluated ranging from 25 to 50 C

Conclusions
Different amino(meth)acrylate polymer brushes grafted on silicon wafers have

been evaluated as potential pH sensitive materials that could be used for drug delivery
application, biomedical treatments, and/or biocides. A new model that includes a general
oscillator layer (GENOSC) has been implemented and used to obtain the optical
properties of these polymer brushes as pH changes. However, parameters such as nonuniform thicknesses, roughness, and low grafting density affected the results presented in
this chapter. Despite these variances in morphology, PDMAEA and PTBAEMA have
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been demonstrated to be pH responsive materials as expected due to the protonation of
the amine groups at low pH values. PDEAEMA and PDMAEMA are affected in pH
ranges from 4-10. In these conditions, the polymer chains swell rather than contract,
producing the opposite effect reported in literature (swell as pH decreases). Thus, it is
concluded that phosphate buffer solutions (PBS) interact with the polymer chains
opening new applications and possible studies with salt interactions and charges within
the polymer backbone. Temperature changes were observed but were not statistically
conclusive at this point. Future work will analyze other types of polymers to confirm the
results obtained by the GENOSC modeling in this work.
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ANALYSIS OF PARTICLE TRANSPORT AND DEPOSITION OF MICRON-SIZED
PARTICLES IN A 90˚ BEND USING LAGRANGIAN AND MODIFIEDEULERIAN APPROACHES

5.1

Abstract
Two-phase flows involving dispersed continuous phases are of scientific interest

because they are commonly encountered in a variety of natural and industrial processes,
such as aerosols, blood flow, emulsions and gas-catalyst system. Particle size is an
important variable to consider for computational simulations because each necessitates a
different modeling approach.

In this chapter, a new Eulerian modeling approach for

coarse particles (> 1 m) solved for particle concentration, deposition, and velocity,
where particle-continuity and -momentum equations are independent of the air flow
velocity, is described. Eulerian simulation results were obtained on a laminar flow
regime (Re 100 and Re 1000) for two different 90˚ bend grids, and results were compared
with experimental data available in literature. Lastly, gravity effects are considered for
both Re cases, additionally, a gravity directional study on the y-component (+/-) is
discussed for Re 100. A major finding of this work is the use of modified Eulerian
particle phase modeling, resulting in accurate prediction of both near-wall particle
tracking and wall deposition, allowing faster simulation run times compared to the typical
Lagrangian approach for coarse particles.
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5.2

Introduction
Micro- and nanoparticles have been widely studied due to some unique properties

arising from their size and high surface area to volume ratio (Nalwa, 2004; Best et al.,
2012; Torres Galvis et al., 2012). These types of particles are also catalogued according
to its size as coarse particles (> 1 µm), fine particles (1 µm - 100 nm) and ultrafine
particles (< 100 nm), and are involved in a variety of transport processes such as drug
delivery mechanisms, gas-particle flow in ducts, food processing industry, and blood
flow. As an example, novel biomedical technologies include micron-sized particles that
can be used as a drug delivery carriers for insulin and DNA transported by particular
inhalation mechanisms (Jurgons et al., 2006; Pathak and Thassu, 2009). Conversely,
dust, combustion exhaust, manufacturing toxins (e.g. dioxins), and many other
environmental contaminants exist in the form of micron-sized particles. When inhaled,
these particles can create health issues such as emphysema and cancer (Pope III et al.,
2002). Particle inhalation can result in deposition on the mucus lining, where such
particles may then be absorbed into the blood stream and transported to a variety of
organs (Xia et al., 2009). Consequently, predicting deposition and impaction of microand nanoparticles is of interest to determine the effects and fate of these particles in a
predetermined structure/process.
Several applications and prior studies for particle fate/deposition in human lungs
are available in the literature, and some include drug delivery mechanisms (Hofmann,
1996), prediction of dust, diesel or coal particle deposition (Pope III et al., 2002), particle
deposition in bronchial airway bifurcations, having crucial role in lung cancer induction
(Balashazy et al., 2007), and atmospheric pollutants—both natural and anthropogenic
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sources— as health hazardous materials (Oldham et al., 2000; Hesterberg et al., 2009).
Exploring the mechanisms that drive particle deposition can lead to further understanding
of deleterious particle deposition and the design of improved drug delivery mechanisms.
However, modeling the human lung with complete accuracy, even with methods such as
CT scans, is nearly impossible due to differences in lungs among individuals, surface
roughness on the tracheobronchial trees, and variation on breathing rates. Moreover,
experimental particle deposition studies are difficult because physical experimentation is
limited and methods are still being developed. Thus, new experimental and/or modeling
tools are needed to further understand particle transport and deposition in the human lung
Computational modeling to predict the transport and deposition of inhaled
particles represents key enabling technologies for improved drug delivery methods and
mitigation of detrimental health effects due to pollution. CFD programs and models are
needed to confirm the mechanisms used for air flow and particle deposition and to
compare results with available experimental data. A comparison of CFD data with
experimental results can provide confidence that modeled deposition mechanisms and
efficiencies are accurate representations of real-case scenarios. Additionally, CFD
simulations can help to predict and understand the effects on local deposition patterns.
Detailed model characteristics can begin after the basic computational needs are satisfied
in comparison with experimental data. After model validations, improving computational
methodologies can focus on the effects of grid size versus accuracy, variation of inlet
velocity profiles, turbulence, thermophoretic forces, non-spherical and non-homogeneous
particles, and other critical parameters.
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Simplified models such as 90˚ bends and/or elbows are used for computational
modeling due to the availability of experimental data in literature. Elbows/90˚ bends are
well-known for experimental studies performed as fluid flows through rectangular or
circular cross-sectional regions. Recently, a series of experiments were performed to
determine the velocity profiles under a turbulent flow using a square cross-section area
duct (Mandal et al., 2010). Square duct cross-sectional areas have also been analyzed to
predict the turbulent flow behavior using a coupled Eulerian-Eulerian approach to
estimate the deposition percentage of 50 micron-sized particles (Mohanarangam et al.,
2008). Similarly, circular cross-sectional area and industrial duct bends have also been
studied for different flow- and particle Reynolds-number, bend angle, curvature, and
orientation (Peters and Leith, 2004a; Peters and Leith, 2004c). Different CFD models
have reported problems, for example, the model by Pui et al (1987) and McFarland et al.
(1997) was found to be inaccurate due to the high radial velocity that large droplets
experienced in industrial bends. Models for particle deposition in industrial ducts (Peters
and Leith, 2004a) and 90° bends of exhaust ventilation systems (Peters and Leith, 2004b)
were then proposed in an effort to obtain better results with experimental data.
Therefore, cross-sectional area, experiment variables, and simulation components
become critical parameters as CFD models are implemented to predict particle transport
and deposition, even on simple grids.
Eulerian-particle transport methodologies have been implemented to improve
particle-tracking and -deposition in simplified grids. For example, two-phase flow CFD
study of air-water mixtures in a 90˚ elbow, at different grid sizes and velocities, has been
developed obtaining good agreement with the effects of stability and predictions of
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particle transport and deposition (Mazumder and Siddique, 2011). Pilou and coworkers
(Pilou et al., 2011) investigated particle deposition in a 90˚ bend using an Eulerian
approach with a modified convective diffusion equation based on a velocity correction
effect for the drift flux equation (Longest and Oldham, 2008). In addition,
physiologically realistic bifurcations created by generations G3-G4 of the human lung
were studied and particle deposition was predicted (Pilou et al., 2013). Data were then
compared with previous modeling and experimental data published by Pui et al. (Pui et
al., 1987). In fact, the experimental work of Pui and coworkers has been extensively
compared with CFD results that use either Eulerian or Lagrangian simulations for particle
tracking. For instance, over the same grid, Breuer et al. (Breuer et al., 2006) tracked
particle deposition using a Lagrangian approach for laminar and turbulent flow; however,
a large number of individual particles were considered affecting deposition results.
Another study, over the same grid, used an Eulerian coupled method for solving particle
deposition (Armand et al., 1998). However, kinematic viscosity was set to zero and
particle acceleration due to gravity was neglected. Moreover, data from the experimental
work performed by Pui et al. (1987) was compared with the analytical work of Cheng and
Wang (1981), that had the limitation of considering a fully developed flow in a finite
bend. A different publication later found out that the inlet profile and Dean (Dn) number
are parameters that affect the deposition efficiency in the 90˚ elbow (Tsai and Pui, 1990).
Here, Pui’s et al. experiment is also analyzed and used to evaluate the performance of the
Eulerian particle tracking methodology developed in this study.
Different modifications to Eulerian methods for particle tracking and deposition
have been recently reported in the literature in distinctive meshes. A study by Longest
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and Oldman (2008) developed a new method with velocity corrections close to grid wall
on which the drift flux Eulerian equations are coupled with a Lagrangian approach near
the wall. The newly developed method has been studied by Xi and Longest (2008) in a
tracheobronchial three representative grid and compared with experimental data in a
nasal cavity replica cast for various particles sizes ranging from 1 to 1000 nm. One of the
primary advantages of their method is that the Drift flux equation accounts for particle
inertia and diffusion terms to determine the total deposition of the particles on the two
different grids of the study. This hybrid combination of Eulerian and Lagrangian
methods was then used by Pilou et al. (2011) in the 90˚ bend previously explained.
Additionally, it has been shown that the computational time was significantly reduced as
the simulations were carried out using the newly drift flux velocity correction method as
compared with typical Lagrangian simulations. Another advantage of this model was the
improvement in particle deposition percentage values, as compared with experimental
results and the generalized chemical species (CS) Eulerian equations (Longest and
Oldham, 2008). Thus, improving Eulerian methods for particle tracking is a key
component to obtain good agreement with experimental results, and validate any CFD
model.
Lagrangian particle-tracking and turbulence models improving particle-tracking
performance have also been reported in literature. For example, studies of a Lagrangian
particle-tracking model with a particle-wall collision modification to predict flow
movement and deposition of particles (1, 3, 5, 9, and 16 μm) in a 90o ventilation duct
have been previously conducted (Sun et al., 2011). In a different report, turbulent
renormalized Group (RNG) k-ε model was used adopting a Lagrangian particle tracking
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model to predict turbulent air and particle flow (Jiang et al., 2011). The particle
penetration rates were validated in a test duct at 6 different Stokes numbers. Reynolds–
Averaged Navier–Stokes (RANS) –Lagrangian methods for dust (ranging from 10 to 200
µm) deposition in square shaped duct bends with different ways of placement were also
recently developed (Gao and Li, 2012). Different effects such as drag, lift force, gravity,
inertia force, and turbulent diffusions were considered in the work mentioned above. A
particular discovery was the effect of gravity and inertia force increasing particle
deposition as relaxation time increases. Turbulent particulate-laden flows in curved pipes
using a RANS approach in Ansys Fluent has been studied with different bend angles,
bend curvature ratios, and various Re numbers (Zhang et al., 2012). An Enhanced Wall
Treatment (EWT) combined with an RSM method was proposed for modeling particle
deposition in flows with curved streamlines.
In this chapter, a new Eulerian method that solves independent particle –
continuity and –momentum equations is presented and discussed over the 90˚ bend
experimental results by Pui et al (1987) within the laminar flow regime. Findings in this
work are then compared with experimental data and previous published Eulerian methods
for the 90˚ bend at two different laminar flow conditions (Re 100 and Re 1000).
Additionally, a grid refinement study for the Eulerian simulations at the two different Re
numbers is discussed (APPENDIX F) and results are compared to each other to observe
any effects on grid refinement levels. Lastly, gravity effects, such as magnitude and
direction, are also discussed.
The main objectives of this section are to (1) develop an Eulerian approach to
simulate particle flow and deposition with independent continuity and momentum
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particle transport equations, (2) compare the particle Eulerian results with experimental
results and previously published data to validate the CFD model, (3) analyze the
Eulerian-Eulerian particle-tracking approach in a hybrid mesh (rectangular and
tetrahedral cells) to account for the near-wall interactions and deposition of particles and
(4) analyze two laminar flow cases (Re 100 and Re 1000) using the methods of this work,
comparing gravity components, and grid dependence.
5.3

Methods
Simulations were carried out in the commercial software Ansys Fluent version 14

and grids were constructed in Gambit version 2.4. First, the governing transport
equations and boundary conditions for the airflow velocity are described. Then, the
particle tracking methodology used in this work is discussed. Finally, a summary of the
simulation details and the two different computational elbow grids with the different
levels or refinement are discussed.
5.3.1

Fluid phase: Airflow velocity
The airflow velocity was initially solved using a parabolic velocity profile as

suggested by Tsai and Pui (1990). For this purpose, steady state and incompressible flow
are considered for solving the Navier-Stokes equations. Re number was kept at values
within a laminar flow regime as recently 90˚ bend studies suggest on this particular grid
(Pilou et al., 2011). A SIMPLE pressure-velocity coupling scheme was utilized to find
the pressure within the system using a second order finite approximation. Momentum
equations were also solved using a second order upwind approximation to find the three
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velocity components uj where j=1,2,3 for each velocity component as shown in equation
5.1.
Governing equations for the airflow within the 90˚ bend grid are the conservation
of mass and momentum equations displayed below:
𝜕𝑢𝑖
𝜕𝑥𝑖
𝜕
𝜕𝑥𝑖

(5.1)

=0
1 𝜕𝑃

𝜕2 𝑢

(𝑢𝑗 𝑢𝑖 ) = − 𝜌 𝜕𝑥 + ν 𝜕𝑥 𝜕𝑥𝑗
𝑗

𝑖

𝑖

(5.2)

Where, u is the air velocity vector, P is the pressure, ρ is the density and v is the dynamic
viscosity.
A Green-gauss node based gradient was used as the discretization scheme to
solve for the momentum equation components. The obtained air-flow velocity profile
was later used as the initial velocity profile for the particles within the elbow grids.
Therefore, the effect of the fluid motion is considered separately from the particle motion
as discussed later. For the inlet fluid velocity boundary condition, a fully developed
parabolic velocity profile was chosen at the entrance of the bend. Stationary walls and a
no slip boundary conditions are also considered for solving the velocity profile.
5.3.2

Particle phase analysis
Particle transport was modeled using an Eulerian approach. Drag force (𝐹𝑑 ) is

calculated based on low Re numbers and is represented by:
𝐹𝐷 =

18𝜇 𝐶𝐷 𝑅𝑒
2
𝑑𝑝

24

(5.3)

,where 𝜇 is the viscosity of the air, Re is the Reynolds number for the air flow, dp is the
diameter of the particle and Cd is the drag coefficient that is obtained as described
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elsewhere (Morsi and Alexander, 1972 ). This model is based on smooth and spherical
particles and values for the constants ai (APPENDIX F) can be calculated for different Re
numbers:
𝑎

𝐶𝐷 = 𝑎1 + 𝑅𝑒2 + 𝑎3 ∗ 𝑅𝑒 (Heistracher and Hofmann, 1995)

(5.4)

Other forces such as thermophoresis, particle acceleration due gravity, lift and
drag, and Brownian motion (negligible diffusion coefficient) are not considered for
solving the drag force equation. Eulerian particle phase transport equations were solved
using a second-order discretization method; additionally, the air flow was solved
simultaneously within the solution of the particle tracking. A user-defined function
(UDF) was used for the discretization of the equations utilized for the particle phase
volume fraction and momentum equations using a second-order discretization scheme.
These discretization schemes were applied on equations 5.5 and 5.6:
𝜕
𝜕𝑡
𝜕

𝜕

(5.5)

(𝜌𝑝 𝛼) + 𝜕𝑥 (𝜌𝑝 𝛼𝑢𝑗 ) = 0
𝑗

𝜕

𝛼

(𝜌𝑝 𝛼𝑢𝑖 ) + 𝜕𝑥 (𝜌𝑝 𝛼𝑢𝑖 𝑢𝑗 ) = 𝜌𝑝 𝛼𝑔𝑖 + 𝑉 𝐹𝑖,𝑑
𝜕𝑡
𝑝

𝑗

(5.6)

,where 𝛼 is a probability function of finding a particle in a particular point in space and
time that resembles a volume fraction, and 𝑢𝑖 is the particle velocity. The modifiedEulerian approach treats particles with a near-wall approximation if the distance between
the particles and the wall is at a maximum level of half the diameter of the particles.
Then the particle is treated with a slip velocity with a characteristic drag force using an
iteration process until there is no slip velocity at the wall.
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A uniform particle concentration (equal to one) was set at the airway inlet. Wall
boundary conditions for particle momentum equations allow non-zero wall normal
velocities to represent inertial impaction.
5.3.3

Grid style, topology and refinement studies
A 90˚ bend grid was constructed based on the description provided by Pilou

(Pilou et al., 2011) and Pui experimental results(Pui et al., 1987). Two different grids
were generated for two Laminar flow cases using Gambit v. 2.4. First, a grid was
generated for a Re 100 (Dn 38) and a grid for the laminar flow case of Re 1000 (Dn 419)
, both illustrated in Figure 5.1a. Each grid was constructed with hybrid mesh cells
(tetrahedral and hexahedral cells). Tetrahedral cells were investigated near the walls in
order to better resolve deposition Figure 5.1b shows the hybrid mesh style that is utilized
in the center of the 90˚ bends.
A total of 3,351,529 cells were used to analyze the deposition values at Re 1000.
A second grid used for simulations of laminar flow with Re 100 has approximately
1,000,000 cells. For Re 100 direction of gravity was not specified (Pui et al., 1987) and
some runs were performed switching gravity from –y to +y direction. As a result, the
Eulerian approach has been run to determine the efficiency of the novel proposed
methodology. Details for the construction of the grids were followed as directed by Pui
et al. (1987) and Pilou et al. (2011).
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Figure 5.1

5.3.4

a) Grid utilized for 90˚ bend at Re 1000 and b) hybrid mesh style for a
cross-section of the 90˚ bend

Simulation details
In this work, laminar flow was considered within the two different elbow grids.

Airflow Re of 100 and 1000 were utilized for the two different grids explained in the last
section. Parabolic inlet velocities profiles were established with maximum velocities of
3.37 m/s (Re =100) and 7.72 m/s (Re =100) at the center lines of the entrance of the grid.
A uniform pressure value was applied at the outlet of the elbow grids. Different particle
sizes were analyzed for each Re number of study and later compared with Stokes number
as previous studies suggested. Details can be found in Table 5.1. Particle density was
specified to be 895 kg/m3 as described by Pui et al. (1987). Particles are also considered
homogeneous in size with spherical shape. An initial inlet concentration for the particle
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phase volume fraction was specified at the inlet – typically, 1 % volume fraction was
utilized. The particle velocity was determined with a user-defined function for the
Eulerian cases. Additionally, specified fluxes for the particles were established at the
elbow walls.
Table 5.1

Particle size (in meters) for two different laminar flow cases
Re 100
5.36E-06
5.91E-06
6.87E-06
7.65E-06
8.83E-06
9.23E-06
9.77E-06
1.15E-05
1.22E-05

5.4
5.4.1

Re 1000
5.69E-06
7.30E-06
7.92E-06
8.39E-06
9.15E-06
1.04E-05
1.15E-05
1.31E-05
1.46E-05
1.54E-05

Results and discussion
Fluid phase: airflow velocity profiles
Eulerian simulations were performed first to find the air velocity profile. At the

entrance, a parabolic velocity profile was utilized using a maximum velocity of 7.72 m/s
for a Re 1000 and 3.37 m/s for Re 100 (Figure 5.2). The center-plane velocity profile for
the air flow for a Re 1000 is shown in Figure 5.2(b). The curvature of the 90˚ bend has a
dramatic impact on the velocity profile for Re 1000. A region of low velocity is found at
the bend curvature as the velocity increases at the bottom wall. Therefore, clearance of
particles and less deposition can be expected in the high air velocity regions. Previous
studies (Zhang et al., 2004) have shown the effects of curvature to have a useful mouth–
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throat model for predicting the transport and deposition of particles using as comparison
the 90˚ elbow discussed here. In this work, a similar velocity profile was obtained in the
curved region. Additionally, Tsai and Pui (1990) also predicted the effect of an increase
in the Dn number (high Re number) and the change in the axial flow behavior as shown
in this work.

Figure 5.2

Air velocity profile for 90˚ bend for a Re number of a) 100 (Dn =38) and b)
1000 (Dn =419).

The center-plane velocity profile for Re 100 is shown in Figure 5.2a. The
observed airflow appears to change in profile as the parabolic inlet profile changes to a
more blunt profile due to curvature effects. However, as the airflow moves out of the
bend a region of maximum velocity occurs again at the centerline. For Re 100 it is
important to observe that the velocity profiles near the wall appear to be constant and
have lower velocity values, being a result of the non-slip boundary condition. However,
the particular effects seen at the curvature need to be considered for the analysis of the
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particle deposition. Airflow for both grids was left to converge until the residuals for
each discretization scheme were stable for each velocity component.
5.4.2

Particle transport and deposition
This section will discuss the results obtained for the different particle tracking

techniques explored in this work. Particle phase and transport analysis were undertaken
after obtaining an Eulerian solution for the air-flow. The Eulerian method employed in
this work is compared for two laminar flow cases. A discussion on the first laminar flow
case (Re 1000, Dn 419) is presented first. Then, results for the second case (Re 1000, Dn
38) are summarized and discussed next.
5.4.2.1

Eulerian–Eulerian particle phase transport and gravity effects
comparison: Case I (Re 1000, Dn 419)
An increase in computational time and number of particles injected at the inlet in

a particular grid are required to reach an accurate particle deposition percentage using a
Lagrangian approach as discussed by Xi and Longest (2008a,b). This work is mainly
focused on obtaining independent air-flow simulations for the Eulerian particle phase
velocity field as the method differs from air phase due to particle inertia effects, including
wall normal component at the bend. To analyze this effect, the y-component of the
particle velocity is discussed and shown in Figure 5.3. As observed for a Re 1000, the
impaction of particles at the curvature is very significant. It is expected that particle
deposition analysis using an Eulerian approach is very sensitive at the near-wall region
zone. The particle concentration field is relatively complex as presented earlier in
equations 5 and 6; thus, comparison with other simulation methods is analyzed next.
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Figure 5.3

Y–component of the particle velocity for a) Re = 1000 and b) Re = 100

Quantitative results for the Eulerian modified numerical approximation with a
numerical wall correction are shown in Figure 5.4. A significant outcome is that a better
estimate for the deposition percentage was obtained with the modified Eulerian method
as compared and contrasted with previous studies. The most recent results (Pilou et al.,
2011) showed a particular trend on which underestimation of the particle deposition
occurred at large Stokes number. Eulerian results of this work (Figure 5.4) showed better
agreement for particle deposition percentage at high Stokes number. Therefore, a closer
agreement with experimental data as Stokes number (particle size) increased is obtained.
The results of this work were also compared with previous studies, such as the analytical
work of Cheng and Wang (1981), Tsai and Pui (1990), Breuer et al. (2006) and the twophase flow analysis of Armand et al. (1998), showing good agreement between them and
the experimental data. Armand et al. (1998) over-predicted the deposition percentage for
high Stokes number; whereas, the Eulerian modeling in this work is in closer agreement
with the experimental data. Significant improvement is then shown for particle
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deposition fractions in this 90˚ bend compared with previous methods. Three different
levels of grid refinement were also compared for particle deposition efficiency.

Figure 5.4

Comparison of Eulerian, Lagrangian and experimental deposition
percentage for different particle sizes at Re 1000.

A comparison of the effect of gravity on the Eulerian deposition percentage
results was also performed in this work (Figure 5.5). Interestingly, as gravity is input in
the solution, the particle deposition efficiency values are not affected for Stokes number
larger than 0.6. However, results for small Stokes values showed a decrease in the
deposition percentage of particles at the elbow as compared with the experimental results.
The main difference resides in the fact that gravity is taken into consideration when the
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Eulerian model utilized in this work is solved. Thus, gravity force affects particle
deposition for this particular 90˚ bend and the two-phase Eulerian model developed for
CFD at Re 1000.

Figure 5.5

Comparison of Eulerian runs (with and without gravity) for Re = 1000 vs.
Experimental results obtained by Pui et al. (1987)

Illustration of qualitative similarity in airway wall deposition patterns for 15.8
micron in elbow grid for the same Re (1000) are shown in Figure 5.6. Particle deposition
patterns are observed near the curvature of the 90˚ bend where greater impaction of
particles in the y-direction occurred, as previously discussed. However a high
concentration of particles is also observed. Interestingly, this high-gradient line was
present for all the different particle sizes which are larger than 9.15 microns.
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Figure 5.6

5.4.2.2

Illustrative particle deposition pattern for Re 1000 and 9.15 micron
particles

Eulerian–Eulerian particle phase transport and gravity effects
comparison: Case II (Re 100, Dn 38)
The agreement between the Eulerian particle transport/tracking simulations and

experimental data is investigated using a second 90˚ bend case. This second laminar flow
case was run at Re 100 (Dn 38). Results were also compared to experimental data by Pui
et al. (1987), and the recent study performed by Pilou et al (2011). Eulerian simulations
and experimental data for this case are presented in a quantitative particle deposition plot
in Figure 5.7. It is observed that by increasing the Stokes number (particle size); the
deposition percentage was over-predicted by the developed Eulerian method as compared
with the experimental data.
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Figure 5.7

Eulerian and experimental (cumulative) deposition percentage for different
particle sizes in the 90˚ bend elbow (Re = 100).

Conversely, previous simulations made by Pilou et al. (2011) showed underpredicted results with respect to the experimental data for high Stokes numbers.
Therefore, the results shown in this work are still close to the expected values. The
accounted gravity effects and the two-phase flow Eulerian method are the main
difference between the results shown here and the results previously reported in
literature. For this particular case (Re 100/ Dn 38) within the laminar-flow region
solutions were also obtained neglecting gravity effects – continuity and momentum
equations were solved. Pilou’s et al. work (2011) and Armand et al. (1998) determined
that gravity did not have any particular effects on their results. However, the equations
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utilized in this work showed gravity dependence terms for Re 1000. For case II (Re 100),
gravity effects and the deposition percentage are not as significant as compared to the 90°
bend discussed in case I (Re 1000). Eulerian simulations for particle tracking and
deposition analysis without gravity were also shown in Figure 5.7. Interestingly, under
this regime at low Stokes numbers, a better fitting with the experimental data and the
work of Pilou et al. (2011) was obtained. Thus, an important conclusion of this work is
that gravity effects can be neglected at low Re, St and Dn number.
Figure 5.8 highlight specific points that show the main section of the 90˚ bend
were the particle deposition occurred as Stokes number were varied for Re 100
considering gravity effects. In addition, the experimental results were calculated only for
the bend region. Results show that deposition patterns occurred primarily close to the
curvature on the elbow bottom walls and were affected by particle size. This effect is
clearly observed for small Stokes numbers (small particle diameter). Additionally, size
has an effect and it affects the impaction and particle deposition fraction around the
elbow walls. Larger particles will impact faster just below the 90° bend; smaller particles
impact after the curvature ends in fewer amounts. As the Stokes number increases (larger
particles), deposition occurred closely to the entrance of the curvature where a high yvelocity component was shown and described early in Figure 5.3. As expected, large
particles will impact faster as they encounter the curved region in the grid due to the
gravitational and inertial effects.
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Figure 5.8

Particle deposition patterns for refined grid at low Re number (100) and Dn
(38) number for different particle sizes

a) 5.36 microns, b) 5.91 microns, c) 6.87 microns, d)7.65, e) 8.83 microns, f)
9.23microns, g) 9.77 microns and h) 12.2 microns (bottom view).
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The effects of particle deposition comparing gravity effects for low Stokes
number are also analyzed. Figure 5.9(a,b and d) considered the effects of gravity in a
positive y-direction, as a result, deposition patterns were clearly distinct when gravity is
considered in opposite directions. Deposition fraction for 5.39 microns as gravity pointed
in a positive y-direction changed drastically. Figure 5.9b illustrates how the particles
were pulled by the effect of gravity after the curvature. Nonetheless, as particle diameter
was increased to 12.24 microns, gravity did not affect the deposition percentage. As fineparticle tracking is one of the eventual goals of this effort, the Eulerian particle tracking
method shows potential to successfully predict transport and deposition of even smaller
particles than those studied in this work considering gravity for smaller particles.
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Figure 5.9

Comparison of gravity effects for different particle sizes: gravity going in
positive y direction

a) 9.77 and b) 5.39 microns. No gravity effects (c) are shown for particle size of 12.24
microns and gravity going up is shown for the same particle size (d). All the images are
for Re 100 and Dn 38.
Results suggest that Eulerian simulations predictions with experimental values
better for small particle sizes (~ 5 micron) are in good agreement for Re 100. However,
as the particle size increased particle deposition percentage was over-predicted. The twophase coupled Eulerian particle solution approach for the two cases of study (Re 100 and
Re 1000) seems to agree well with respect to previous models and experimental data.
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Considering smaller particles will lead to consideration of other forces (e.g., thermal) or
physical properties of the particles, such as surface roughness (Shi et al., 2007) and
particle aggregation.
5.5

Conclusions
Analysis of the particle tracking and deposition predictions and comparison with

experimental data for 5-12 micron-sized particles (Stokesian regime) has led to several
important findings. The two-phase coupled Eulerian method, run in hybrid meshes,
provided good agreement with the experimental data for the deposition of small particles
(< 5 microns) despite the Re number of study. Moreover, particles are affected by the
gravitational component as they deposit close to the curved surface in the 90° bend. As a
result, gravity affects deposition results at low Stokes number for low Reynolds and Dn
numbers. In general, the two-phase Eulerian particle approach has proved to be as
successful as other methods previously published in literature and is in good agreement
with experimental data for different laminar flow and Stokesian regimes. Future work
will extend these analyses to more complex grids that better represent human lung
airways.
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TRANSPORT MODELING OF MICRON- AND NANOMETER-SIZED PARTICLES
IN A HUMAN LUNG GEOMETRY

This chapter examines a unified, two-fluid Eulerian-Eulerian modeling approach,
where a concentration equation was solved for micron-sized particles in human lung-type
geometry. A particle phase momentum equation was solved to determine the particle
bulk velocities, separate from the air velocity. These results were compared to the more
traditional approach of Lagrangian particle-tracking and to experimental data to evaluate
the accuracy of the Eulerian method in a more complex geometry than the 90-degree
elbow presented in Chapter 5. Steady state flow was considered through a representative
idealized lung airway model consisting of three physiologically realistic airway branch
bifurcations (PRB). Simulations were performed using the commercial computational
fluid dynamics (CFD) code FLUENT, and the particle phase equations were implemented
using user-defined function (UDF) subroutines. The effects of mesh resolution, mesh
topology, particle size, and velocity inlet profile were investigated. Results suggest that
the unified Eulerian-Eulerian method is an effective approach for particle transport
simulations in the human lung airway, and total particle deposition percentages are in
better agreement with experimental data as compared to the Eulerian-Lagrangian particle
tracking method.
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6.1

Introduction
Significant research efforts have been directed towards the use of micro- and

nanoparticles for drug delivery to specific organs in the human body. General
applications and previous approaches analyzing particle transport and deposition of
particles inside human lung have used simplified geometry models, such as the 90° bend,
previously described in Chapter 5. Bronchial airway bifurcations are the most common
examples of simplified models for the analysis of particle transport and deposition in
human lungs. For example, the physiological realistic bifurcation (PRB) model has been
studied with the objective to obtain simplified geometries with realistic asymmetry
comparable to human bronchial airways (Heistracher and Hofmann, 1995a; Hofmann et
al., 1996; Oldham et al., 2000a). A mathematical description for the generation of the
PRB grid is available in the open literature (Heistracher and Hofmann, 1995b) which
allows for an accurate recreation of the PRB geometry and for this geometry to serve as a
model geometry to use to assess CFD methods for physiological systems.
Several simulation studies conducted on a PRB grid have been compared with
experimental data for validation. One of the first studies on a PRB grid demonstrated
general agreement between experimental and CFD data; however, some differences were
observed between the CFD and experimental data particularly in local deposition patterns
(Oldham et al., 2000b). A different approach focused on the formation of secondary
flows and irregular deposition patterns, demonstrating the effects of convective transport
processes of the fluid influence particle deposition (Hofmann et al., 2001). Further
investigations analyzed different parameters such as the effect of laminar or turbulent
flow, upstream flow, and entrance effects for particles as small as 1 micron (Longest and
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Oldham, 2006). Recently, a drift flux-velocity correction method (DVCM) was
employed to determine the particle deposition on the walls of a PRB geometry utilizing a
new Lagrangian solution near the wall that was solved in conjunction with the drift flux
equation (Longest and Oldham, 2008). This method allowed for the calculation of
aerosol particle inertia near the wall using a two-phase separated model to independently
solve the air flow from the particle flow. In this work, the Eulerian model has been
shown to yield good agreement with experimental data for a simple 90° bend grid.
Therefore, the effect of parameters such as mesh type, velocity inlet profile, and grid
refinement with the Eulerian-Eulerian model are now investigated using a PRB grid.
The effects of mesh type (unstructured vs. structured) and style (hexahedral,
tetrahedral, prismatic cells) have a significant impact on particle tracking and deposition
on PRB grids. In particular, previous studies have evaluated mesh style independence
using hybrid, tetrahedral and prismatic meshes, both structured and unstructured-type.
Hybrid meshes were found to overpredict particle deposition, and hexahedral cells,
despite mesh type, had the best performance (Vinchurkar and Longest, 2008). The
efficacy of a hexahedral mesh style on a PRB was first evaluated using a grid
convergence index (CGI), resulting in accurate predictions with respect to experimental
data (Longest and Vinchurkar, 2007). The studies previously described strongly suggest
utilization of different hybrid/hexahedral cells for a better estimate on particle deposition
percentages. Additionally, new experimental studies are now emerging for micron-sized
particles where effects of surface roughness, pressure, particle size, and deposition
fractions are parameters that need to be consistent between the experiments and CFD
grids generation (Holbrook and Longest, 2013). Therefore, mesh style and type affect the
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evaluation of particle tracking models, such as Eulerian-Lagrangian (E-L) and
Lagrangian-Lagrangian (L-L) particle tracking methods. Both methods and mesh style
effects on an unstructured grid at different levels of refinement are evaluated.
Recent efforts in particle transport modeling in the lung airway have focused on
three-dimensional CFD simulations. Typically, the airflow in the lung is obtained from
numerical solution of the single-phase Navier-Stokes equations, with the particles treated
as a passive phase in a dilute mixture. Deposition of microparticles is typically
calculated using a E-L approach, and statistical measurements of particle transport and
fate are obtained by averaging over a large number of trajectories. Nanoparticles are
often treated using a one-fluid Eulerian approach, in which a concentration equation is
solved for the particle phase, and the phase (bulk) particle velocity is assumed to be equal
to the air velocity. As an example, experiments to calculate magnetic deposition of
coated and uncoated aerosol dispersion have been carried out in simplified geometries
(Xie et al., 2010b) and in vivo experiments using rats (Xie et al., 2010a), and these
experimental results have been compared with corresponding CFD simulations. 3D insilico modeling has also been studied and compared with imaging analysis in an effort to
obtain better particle deposition predictions (Martonen et al., 2007; Longest and
Holbrook, 2012). In fact, advancements in 3-D particle tracking models is a need for
nanoparticle drug delivery applications, as specific epithelial cells can be targeted in
future drug-design advancements (Phalen et al., 2010). Therefore, this work focuses on
the implementation of a coupled E-E particle tracking model, that later could be extended
for the analysis of the human lung.
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The main objectives of this chapter are to (1) implement a coupled E-E solution
that is solved simultaneously for both the air flow and the particle flow velocities on a
PRB grid, (2) compare the E-E solution with a E-L approach in which the air flow
velocity is solved independently of the particle velocity, (3) compare a hybrid mesh
(rectangular and tetrahedral cells) with a tetrahedral cell mesh and determine any
improvement in particle deposition accuracy, and (4) compare and analyze the results of a
simultaneous solution E-E at two different levels of grid refinement. These results can be
used to guide new CFD simulations and to compare with future computational and/or
experimental data for particle deposition in the lung. First, the governing transport
equations and boundary conditions for the airflow velocity are described. Then, the
particle tracking methodologies used in this work— E-E and E-L —are discussed.
Finally, a summary of the simulation details and the effects of grid refinement are
discussed.
6.2

Methods
Simulations were carried out using the commercial software Ansys Fluent version

12 and grids were constructed in Gambit version 2.4. PRB geometry is a third generation
branch based on model A of Weibel (Weibel, 1963). Different parameters such as
branching angle were modified to be more physiologically accurate as described
elsewhere (Heistracher and Hofmann, 1995b; Heistracher and Hofmann, 1997). Results
in this work were compared with experimental results available for particle diameter (Dp
= 9.97 microns) and a particle density of 1060 kg/m3 (Oldham et al., 2000b).
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6.2.1

Fluid phase: Airflow velocity
The air flow velocity was initially solved using parabolic and blunt velocity

profiles. For this purpose, the Navier-Stokes equations were considered, and steady state
and incompressible flow conditions were also assumed, obtaining an Eulerian air flow
velocity. Reynolds number was kept at values within the laminar flow regime, and an
approximate value of Re 1800 was maintained at the inlet (parent branch) with an
average velocity of 5.08 m/s to match the experimental work of Oldham et al. (2000).
Air flow conditions were solved independently of particle phase (dilute particle
assumption). Second-order discretization schemes were used to solve the momentum
equations and a simple pressure correction scheme (PRESTO!) was used to discretize the
pressure equation. Pressure outlet conditions were set to ensure equal flow at each outlet
(Oldham et al., 2000b). Convergence for the air flow simulations was verified by
reduction in residuals of over six orders of magnitude.
6.2.2

Mesh style and topology
Two different mesh styles were evaluated and compared for particle tracking and

deposition studies. The tetrahedral (TET) mesh style consists of tetrahedral throughout
the bifurcation, whereas the hybrid (HYB) mesh style consist of hexahedral cells close to
the walls of the PRB geometry and tetrahedral cells away from the walls as shown in
Figure 6.1. Additionally, the level of refinement was evaluated for both mesh styles. A
coarse mesh and a refined mesh were considered for each mesh style. The changes in the
level of refinement lead to a change in the number of cells in the geometry. The TET
coarse mesh had 718,453 cells and TET refined mesh had 1,607,000 cells, with the
refined case having more than double number of cells as the course mesh. The HYB
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coarse mesh had a total of 1,325,282 cells and the HYB refined mesh had a total
5,863,693 cells. Analysis of the results is focused on the impact of refinement level, and
therefore the number of cells, on the particle deposition and momentum equations.

Figure 6.1

6.2.3

Unstructured grid for PRB showing two levels of refinement, coarse and
refined.

Particle tracking: Lagrangian approach
The Lagrangian particle tracking scheme available in Fluent v12 was used to

calculate the deposition fraction. The governing individual particle equations are
𝑑𝑥
𝑑𝑡

=𝑢

𝑑𝒖

𝜌𝑝 𝑉𝑝 𝑑𝑡 = 𝜌𝑝 𝑉𝑝 𝒈 + 𝑭𝐷

(6.1)
(6.2)

where 𝜌𝑝 is the density of the particle and is assumed to be much larger than the air
density, 𝑉𝑝 is the particle volume, g is gravitational acceleration, u the velocity vector and
FD is the drag force, as is described in Chapter 5. For these simulations, Brownian
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motion was neglected. For this particular scenario, 100,000 randomly distributed
particles were injected at the inlet with velocity equal to the fluid carrier (air). As an
assumption, any particle striking an airway wall was assumed to adhere to the surface of
the wall, and particle-particle interactions were also neglected.
6.2.4

Particle tracking: Eulerian approach
Eulerian particle phase transport equations were implemented in Fluent using

User-Defined Function (UDF) subroutines. The same equations described in Chapter 5,
Section 5.3.2 were used. Wall boundary conditions were used for the particle momentum
equations which allow non-zero wall normal velocities to represent inertial impaction.
Results shown in this section are for first order discretization schemes for the particle
phase velocity.
6.3

Results and discussion
Results were compared to experimental data in terms of particle deposition

patterns and cumulative deposition distribution within the PRB geometry. First, results
for the airflow velocity are shown. Then, Lagrangian particle deposition patterns and
Eulerian deposition patterns are discussed. Lastly, cumulative deposition percentages
calculated from the main entrance tube in a positive y-direction until the last two
branches were reached are discussed. The total length of the PRB is ~40 mm and the
total cumulative deposition considered this length. As an example, at 20 mm, the first
bifurcation has already been passed and the cumulative deposition percentage has
considered all the particles that have been deposited previously to that point.

155

6.3.1

Fluid phase: Airflow velocity profiles
Eulerian simulations were first performed to find the air velocity profile. At the

entrance, a parabolic velocity profile was utilized using a maximum velocity of 10.15 m/s
for a Re ~1800 as shown in Figure 6.2. The most striking result was a stagnation point
observed at the first bifurcation; thus, regions with relatively low velocity close to the
outer walls of the PRB region were also observed. Velocity profiles at the outlet of the
tube seem to be homogeneous. Regions of high velocity occurred close to the inside
walls of the grid, and the particle phase velocity is compared next with these results.
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Figure 6.2

6.3.2

Center plane contours of air velocity magnitude for tetrahedral coarse mesh
with a maximum inlet velocity of 10.15 m/s.

Particle transport: Lagrangian contours
Lagrangian simulations were used to track individual particles in each mesh.

Some examples are shown for the tetrahedral mesh where individual paths can be
observed for different particles injected at the entrance. Similar total deposition
percentages were obtained for 100,000 of more injected particles. Qualitative results are
shown in Figure 1.3 for 50,000 and 80,000 particles injected at the main branch,
respectively. As observed, particles followed a path until and very few particles particles
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exit the grid. This case was run for 15 micron-sized particles, and deposition percentages
are a function of particle size (St) as explained and discussed in Chapter 5. When
particles impact the grid walls, then those particles were assumed to deposit on the PRB
wall and were included in the total deposition percentage calculation.

a
Figure 6.3

b

Lagrangian particle tracking

a) a 50,000 particle injection and b) a 80,000 particle injection.
6.3.3

Particle transport and deposition: Eulerian contours
Particle phase velocity was compared to the air flow velocity at the center plane

of the PRB geometry. Similar results were obtained as compared with the air flow
velocity profiles. However a particular difference is shown in Figure 6.4. As observed,
particle phase velocity field differs from air phase due to particle inertia effects, including
wall normal component at the bifurcation locations. The particle flow showed no
stagnation point at the first bifurcation. Thus, particle phase considered inertial effects
and particles theoretically can flow “out” through the walls, which is a symbolic
representation of particle impaction and deposition on the walls.
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Figure 6.4

Particle phase velocity magnitude calculated using the Eulerian approach at
the center plane.

Particle concentration contours can help to relate particle phase velocity and
deposition on the PRB walls. Figure 6.5 shows the particle concentration profiles on
which large concentration of particles (red regions) can be observed where particles had
low velocities. These results were confirmed by observing the total deposition pattern on
the 3-D PRB structure.
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Figure 6.5

Final particle concentration profile at the center plane for an initial
concentration of 1 at the inlet tube.

Qualitative results for the deposition patterns resemble the experimental results
obtained elsewhere, showing high amount of particles deposited particularly in the
bifurcation regions (Oldham et al., 2000b). These results can be observed in Figure 6.6
where a high concentration of particles was observed impacting the first and second
bifurcations. In addition, some particles were deposited on the edges of the exit tubes.
These results are in good agreement with the experiment previously discussed in
literature.
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Figure 6.6

6.3.4

Qualitative deposition results for 9.97 micron particle diameter in a PRB
unstructured grid.

Quantitative analysis: Comparison of experimental, Lagrangian and
Eulerian results
This section compares quantitatively the deposition percentage occurring in the

PRB by plotting cumulative deposition percentage vs. distance for different case
scenarios. Previously, an explanation for the cumulative deposition percentage
calculation was presented; thus, this parameter is plotted as a function of distance starting
from the inlet tube until it reaches the last sections of the PRB geometry. Comparisons of
mesh refinement, mesh topology, solution methods, inlet velocity profile, and particle
diameter are discussed next.
6.3.4.1

Mesh refinement and topology: Eulerian and Lagrangian
Cumulative deposition percentage results are shown for the tetrahedral (TET)

mesh, both for the coarse and refined levels of cell number. Interestingly, Lagrangian
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and Eulerian simulations showed negligible differences between the two levels of
refinement analyzed in this work, confirming grid independence for the cumulative
deposition fraction.

Figure 6.7

Effect on mesh refinement

a) Lagrangian and b) Eulerian simulations in the TET cell geometry.
Different analyses can be performed on the results shown previously (Figure 6.7).
For example, Lagrangian results were independent of refinement level and the same
trends were observed for both meshes. In addition, Lagrangian results were also in
excellent agreement with the experimental results from the inlet until through the first
bifurcation. After the second bifurcation, the Lagrangian data diverged from the
experimental data, and the total cumulative deposition percentage was underpredicted.
The Eulerian results also showed grid independence. The Eulerian results overpredicted
the cumulative deposition percentage over the first bifurcation. However, the total
cumulative deposition for the Eulerian method matches the experimental results better
than the Lagrangian simulations.
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The level of refinement was shown to be negligible for the PRB tetrahedral grid in
the previous section. In this section, analysis is focused on the mesh topology.
Tetrahedral and hybrid meshes were considered. The tetrahedral mesh is uniform
throughout the PRB geometry with only tetrahedral cells used throughout the grid. The
hybrid mesh has hexahedral cells close to the walls—where particle deposition occurs—
and tetrahedral cells in the center of the PRB geometry.
Cumulative deposition percentage depicted to analyze the effect of mesh topology
(Figure 6.8). For the Lagrangian method, cumulative deposition results on a tetrahedral
mesh were in better agreement with the experimental data that the results obtained when
using the hybrid mesh. The opposite trend was observed for the Eulerian method where
the total deposition percentage was better predicted using a hybrid mesh.

Figure 6.8

Comparison of mesh topology

a) Lagrangian and b) Eulerian simulations on the PRB geometry.
6.3.4.2

Comparison of simulation methods: Lagrangian vs. Eulerian
The most striking differences are probably better observed comparing both

simulation methods on the two different mesh topologies (hybrid and tetrahedral). Figure
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6.9 shows the simulation results for both methods on both meshes, and a comparison with
the experimental data. Clearly, the total deposition percentage was very close for both
methods on a tetrahedral mesh. But, Eulerian results seemed to overpredict the
experimental values. On a hybrid mesh, Eulerian total cumulative deposition percentage
was in agreement with the total experimental deposition percentage value. However,
results overpredicted the cumulative deposition percentage for the first bifurcation. At
this point, the methods are inconclusive with respect to understand which method is
superior. Nonetheless, it has been shown that the new Eulerian method for particle
deposition is in good agreement with the typical Lagrangian approach and experimental
values.

Figure 6.9

6.3.4.3

Comparison of simulation methods on a) tetrahedral mesh and b) hybrid
mesh at the coarse level of refinement for Lagrangian and Eulerian
simulations.

Effect of velocity inlet profile: Lagrangian vs. Eulerian
Velocity inlet profile can have a significant impact of particle deposition based on

literature recommendations (Vinchurkar and Longest, 2008). Thus, the effects of a
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change on velocity inlet profile are discussed. The different results previously analyzed
considered parabolic inlet velocity profile at the main entrance. In this section, a
flat/blunt homogeneous velocity value was considered at the inlet for the tetrahedral
refined mesh. Mainly, the average velocity was considered uniform and calculated at the
entrance of the PRB grid. Quantitative results are shown in Figure 6.10, and the results
obtained with a blunt inlet velocity profile underpredicted the experimental results as
compared with a parabolic inlet velocity profile. However, the fit at the first bifurcation
had great improvements as compared with a parabolic inlet velocity profile. Thus, the
effect of inlet velocity profile is as significant as the particle phase simulation method.
Moreover, a critical parameter to evaluate and validate an inlet velocity profile is the
comparison with the experimental work. Detailed experiments are needed to fully
confirm the validity of a CFD model; until then, simulation approaches, as observed in
this case, can be adjusted to match experimental results; but not applicable for usage on
more complex grids, such as the human lung.
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Figure 6.10

6.3.5

Inlet blunt velocity profile comparison with parabolic inlet velocity profile
for Eulerian simulations.

Deposition rate and particle size dependence: Eulerian method
Different particle diameters have also been analyzed using an Eulerian approach.

These experiments were performed due to possible utilization of Eulerian results on
human lung geometries and/or larger and complex systems. Three different particle sizes
(5, 10 and 20 microns) were analyzed using TET refined mesh; however, comparison
with experimental data is only possible for 10 micrometers particle size. Figure 6.11
shows the cumulative deposition percentage for the different particles, and as expected as
the particle size increases a higher deposition percentage was obtained. Moreover, the
particular shape for each bifurcation observed in the last section was also observed for
particles of different sizes. Results for 20 micron sized particles were 98.9% meaning
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that almost all the particles were deposited on the surface of the PRB geometry. For 5
micron sized particle, only 31.6% of the particles deposited.

Figure 6.11

Cumulative deposition percentage for different particle size diameters
using Eulerian simulation methods.

Particle volume fraction increased dramatically at the first bifurcation. This effect
was clearly observed at the center planes of the PRB geometry. High concentration spots
were obtained as the particle size increases, reducing the total amount of particles leaving
the PRB. Figure 6.12 shows a representation of the different patterns obtained. These
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results confirmed the cumulative deposition rate percentage obtained before due to the
high amount of particles that were deposited after the first bifurcation.

Figure 6.12

6.4

Particle volume fraction for different particle sizes at the center plane of the
PRB geometry.

Conclusions
Analysis of the particle tracking and deposition predictions and comparison with

experimental data for 10 micron, and 5 and 20 micron particles in a PRB human lung
morphology model has been evaluated using an Eulerian and a Lagrangian approach.
The two-phase coupled Eulerian method was in good agreement with Lagrangian and
experimental data for 10 micron particles. The level of refinement used for the
simulations was found to have negligible impact, despite a relatively large increase in
cells between coarse and refined simulations. The effect of grid topology, hybrid vs.
tetrahedral cells, showed small but non-negligible differences in the cumulative
deposition fractions. A comparison of Eulerian-Eulerian and Eulerian-Lagrangian
simulation methods shows that the Eulerian-Eulerian approach gives values for total
deposition percentage closer to the experimental data, but agreement with the data
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worsens after the first bifurcation and then the Eulerian-Lagrangian method is in better
agreement. Conversely, a Lagrangian approach better captures the distribution of
deposition as compared with experimental data using a parabolic inlet profile. The effect
of the velocity inlet profile distribution had an impact on the results obtained; however,
experimental details need to be confirmed to validate the assumptions performed in this
study, as previously explained. More complex geometries and/or newer experimental
sets of data should be used to validate the Eulerian particle tracking and deposition
method presented and discussed in this chapter.
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CONCLUSIONS

7.1

Conclusions
Computational simulations and experimental efforts have been carried out to

obtain a better understanding of the transport, deposition, and surface modification of
micron- and nano-sized particles. Experimental work was performed on magnetic
nanoparticles ranging from 50 nm to 200 nm, resulting in the successful surface-confined
polymerization of two different stimuli-responsive polymers: PNIPAM and PMAA. A
novel methodology for the formation of biphasic Janus magnetic nanoparticle (JP)
composites was developed, and the method can be expanded to nanoparticles with other
functional groups and with or without a magnetic core. For all chemical modification,
each reaction step was confirmed using FTIR. TEM and AFM imaging revealed the
morphologies of the neat and surface modified nanoparticles, as well as the associations
that occurred between the nanoparticles.
The pH- and thermo-responsiveness of different SRP-NP nanocomposite systems
were evaluated using in-situ AFM, ellipsometry, and DLS. AFM was utilized to study
the thermo-responsiveness behavior of a series of amino(meth)acrylate polymer brushes.
Ellipsometry measurements were performed to evaluate the pH-responsiveness of these
polymers by implementing a new GENOSC model. DLS was used to evaluate the
responsiveness of surface-modified nanoparticles as a function of temperature. The
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methods utilized in this work can be expanded to enable the synthesis of a wide range of
nanocomposites and to evaluate in situ responsiveness.
Computational efforts include the development of a new Eulerian-Eulerian model,
evaluated to confirm particle-transport and deposition in two different grids: a 90° bend
and a physiological realistic bifurcation (PRB). Results obtained from this new model
showed great agreement with experimental data and other models, including typical
Lagrangian particle tracking methods. This Eulerian-Eulerian model is a new tool,
improving computational time while effectively capturing particle deposition efficiencies,
that could potentially be utilized for particle tracking inside the human lung and/or any
other morphological structure.
New insights are presented through a focus on experimental and computational
methods for micron- and nano-sized particles and surfaces. Nanotechnology and
microtechnology have proven to be promising fields despite their infancy, and this work
is expected to be complimentary for future studies, applications, and ventures. A
summary of this work's main conclusions is presented next.
7.1.1

Surface modification of micron- and nano-sized particles
Chemical and morphological analyses confirmed the successful polymerization of

different monomers on the surface of magnetic nanoparticles for three different scenarios:
homopolymers, block copolymers, and biphasic polymers (resulting in Janus magnetic
nanoparticles).
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7.1.1.1

Chemical analyses
Surface modification of magnetic nanoparticles with different end-functionalized

groups (–OH and –NH2) and nominal diameters (50 nm, 100 nm, and 200 nm) was
successfully performed, as was confirmed by XPS and FTIR. Different ATRP steps,
such as initiation, homo- and block copolymer formation, and biphasic Janus nanoparticle
production were all investigated with the techniques listed above.
ATR-FTIR analysis on Janus nanoparticle systems showed that postpolymerization steps confirmed the N-H peaks associated with primary amines of the
‘bare’ Fe3O4/NH2 nanoparticles were no longer observed. In addition, characteristic
carbonyl absorbances for PNIPAM (1650 cm-1), and doublet peaks for the carboxylate
anion from PMAA (1540 cm-1 and 1710 cm-1) were clearly observed for the PMAAFe3O4-PNIPAM JP system. ATR-FTIR spectroscopy confirmed successful
polymerization of homo- and block-copolymers on the surface of magnetic nanoparticles
by monitoring chemical functionality changes at each reaction step.
Changes in surface chemistry were also monitored using XPS. For this purpose,
the biphasic-Janus magnetic-nanoparticles were characterized, confirming the successful
surface modification of the particles. XPS survey scans revealed average atomic
percentage for “as received” magnetic nanoparticles of: carbon 55.37 ± 1.51%, oxygen
27.96 ± 17%, nitrogen 2.67 ± 2.5%, silica 3.79 ± 1.95%, and iron 5.23 ± 9.23%. XPS
survey scan results for the Janus nanoparticles showed only carbon and oxygen after
formation of PMAA-Fe3O4-PNIPAM JPs. Average atomic compositions obtained for
Janus nanoparticles were carbon 73.77 ± 1.59%, oxygen 21.75 ± 1.79%, and nitrogen
4.48 ± 0.37%. Therefore, it is concluded that the entire surface of the magnetic
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nanoparticle has been successfully surface-modified with polymer brushes on both
hemispheres. For comparison purposes, a 50/50 mix of PNIPAM and PMAA will have a
theoretical atomic percentage of carbon 70.8%, oxygen 22.9%, and nitrogen 6.3%.
Elemental composition for carbon and oxygen measured by XPS are close to this
theoretical mixture (C 74.4%, O 25.6%), however, nitrogen was not observed in the XPS
measurements collected. Additionally, high resolution scans confirmed different changes
for carbon atoms.
7.1.1.2

Morphological characterization
The production of hemispherical (“half-moon”) structures for the generation of a

biphasic Janus magnetic nanoparticles was confirmed by TEM. Additional AFM studies
were then conducted to further confirm the half-moon morphology of these Janus
nanoparticles. AFM topography images were used to observed the hemispherical shape
of PNIPAM-Fe3O4/NH2. After confirming the desired morphology, the second monomer
(MAA) was grown on the opposite side of PNIPAM-Fe3O4/NH2 via ATRP. TEM and
AFM images confirmed the changes in the morphological structure after these steps.
Moreover, TEM was primarily used to confirm the presence of block-copolymers on the
surface of magnetic nanoparticles.
7.1.2

pH- and thermal-response characterization of stimuli-responsive polymers
grafted on different substrates.
DLS, in-situ ellipsometry, and AFM were used to evaluate the performance of

different responsive polymers while grafted on a specific surface. DLS was used to
evaluate the thermo-responsive behavior of PMAA-PNIPAM-Fe3O4 nanocomposite
system. Results confirmed the expected contraction of the polymer chains as temperature
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was increased. The lower critical solution temperature (LCST) of the system was
obtained over a certain range of temperatures, due to the fact that PNIPAM was
combined with PMAA forming a heterogeneous polymer brush grafted on the surface of
MNPs.
Different amino(meth) acrylate polymer brushes were also grafted on silicon
wafers and evaluated as potential pH sensitive materials. A new model that includes a
general oscillator layer (GENOSC) was implemented and used to obtain thickness and
the optical properties of these polymer brushes as pH changed. However, parameters
such as non-uniform thicknesses, roughness, and low grafting density negatively
impacted the results due to data collection. Despite these results, PDMAEA and
PTBAEMA proved to be pH responsive materials due to the protonation of the amine
groups at low pH values. Similarly, PDEAEMA and PDMAEMA are affected in pH
ranges of 4-10. In these conditions, the polymer chains swell rather than contract,
producing the opposite effect reported in literature (swell as pH decreases). Thus, it is
concluded that phosphate buffer solutions (PBS) interact with the polymer chains,
opening new applications and possible studies with salt interactions and charges within
the polymer backbone. Temperature changes were observed but not statistically
conclusive at this point. Future work will analyze other types of polymers to confirm the
results obtained by the GENOSC modeling in this work.
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7.1.3

Analysis of particle-transport and –deposition of micron-sized particles in
different grids
Two different cases: a 90° bend and physiological realistic bifurcation (PRB)

were used to evaluate the performance of a Eulerian-Eulerian model for particle tracking
and deposition studies. The results are reviewed next.
7.1.3.1

Case I: 90° bend
Particle tracking and deposition predictions were compared with experimental

data for particle size ranging from 5-12 micrometers (Stokesian regime). Results in this
work have led to several important findings. The two-phase coupled Eulerian method,
ran in hybrid meshes, provided good agreement with the experimental data for the
deposition of small particles(< 5 microns) despite the Re number of study. Moreover,
particle deposition percentages were affected by the gravitational component as they
deposited close to the curved surface in the 90° bend. As a result, gravity affects
deposition results at low Stokes number for low Reynolds and Dean Numbers. In
general, the two-phase Eulerian particle approach proved to be as successful as other
methods previously published in literature, and is in good agreement with experimental
data for different laminar flow and Stokesian regimes.
7.1.3.2

Case II: Physiological realistic bifurcation (PRB) grid
Eulerian-Eulerian simulations were also conducted for the prediction of the

particle tracking and deposition patterns for 10 micron-sized particles in a human lung
morphology (PRB), compared with experimental data, and compared with a Lagrangian
approach. The two-phase coupled Eulerian method is in good agreement with
Lagrangian and experimental data for 10 micron sized particles. Different factors were
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analyzed to evaluate the results. First, the level of refinement used for the simulations
was found to have negligible impact, despite a relatively large increase in cells between
coarse and refined simulations. Second, the effect of grid topology—hybrid vs.
tetrahedral cells—showed small but non-negligible differences in the cumulative
deposition fractions. A comparison with both simulation methods leads to an Eulerian
approach that provides better values for total deposition percentage but worse agreement
with data through first bifurcations. Conversely, a Lagrangian approach captures better
the distribution of deposition as compared with experimental data using a parabolic inlet
profile. Additionally, the effect of the inlet velocity profile distribution had an impact on
the results obtained; however, experimental details need to be confirmed to validate the
assumptions utilized in this study. This may be a contribution of experimental error on
the results obtained, as available experimental data confirmed confident intervals. Lastly,
different particle sizes were also evaluated using the new Eulerian method. More
complex geometries and/or newer experimental sets of data should be used to confirm the
validation of the results presented and discussed in this chapter.
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APPENDIX A
EXAMPLE ON THE SURFACE MODIFICATION OF SILANOL COATED
MAGNETIC MICROPARTICLES>

179

A.1

Summary
In addition to ‘as-received’ Fe3O4/NH2 magnetic nanoparticles, silanol coated

microparticles, hereafter Fe3O4/OH, were also modified with ATRP to demonstrate the
reaction process. Diffuse reflectance infrared spectroscopy(DRIFTS) was performed on
this particles to obtain the chemical analysis of the sample as PMAA was grown on the
surface.
A.2

Equipment
A Nicolet 6700 FT-IR with a mercury cadmium telluride (MCT) detector and dry

gas purging was used to collect the DRIFT spectra. Thermo Scientific Ommic 8.1.10
software was used for data acquisition and analysis. Fe3O4/OH and surface-modified
Fe3O4 nanoparticles were mixed with KBr powder (3 % w/w) for sampling and pure KBr
was used as a background for DRIFTS analyses. Scans were collected from 400 cm-1 to
4000 cm-1 with a minimum of 256 scans collected at a 4 cm-1 resolution.
A.3
A.1.1

Materials and ATRP methodology
Materials
Fe3O4-OH (Chemicell), 1 micron nominal diameter, copper (I) chloride (Aldrich,

97%), triethylamine (Aldrich, 99.5%), Me6TREN (Aldrich), methacrylic acid (Aldrich,
99%), water (Aldrich, HPLC grade), 2-bromoisobutyril bromide (Aldrich, 98%), toluene
(Acros, 99.8%), tetrahydrofuran (THF; Fisher Sci., 99.9%), propanol (Aldrich, 99.7%).
A.1.2

Synthesis of Fe3O4-initiator
Modified Fe3O4-NH2 nanoparticles were placed in 0.12 M triethylamine/THF

solution for 10 seconds at ~ 0 °C. Then, a 0.1 M 2-bromopropionyl bromide/THF
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solution was added to the reaction tube. This initiation reaction was allowed to proceed as
it reached room temperature overnight and was performed under an inert nitrogen
atmosphere using a steady flow of nitrogen to sparge the solution.
A.1.3

Synthesis of Fe3O4-PMAA
ATRP of MAA, either as a homopolymer or the second block, was conducted at a

neutral pH. A 2 M solution of MAA/HPLC water was prepared, 1 M NaOH was added to
neutralize the solution to a pH of 7, and then the solution was placed under a stream of
nitrogen for ~1 h. To start the polymerization of MAA, a 0.1 mM solution of Me6TREN
and Cu(I)Cl was added to the monomer solution. This reaction was performed for 5 mg
microparticles
A.4

Results and discussion
Si-O-Si bond, with a sharp double peak 1080 cm-1 is observed in the as received

silanol particles (Alba et al., 1996). In addition a broad OH group can be seen at 3300
cm-1. These result confirmed the presence of silica and an OH group on the surface of the
as-received silanol particles (Figure A.1a)
FTIR spectroscopy was performed on PMAA-Fe3O4 and the spectra (Figure A.1b)
showed chemical functionality expected for PMAA.. In particular, Figure 3 shows
absorption peaks in the wavenumber region from 2900-3000 cm-1 that corresponds to CH2 and -CH3 stretching vibrations, and a broader -O-H stretch (3300 cm-1) as a result of
the acid alcohol group present in the PMAA structure (Day and Underwood, 1991).
Carbonyl (C=O) C-O stretching peaks from the carboxylate anion (C(=O)-O-) and acid
(C(=O)OH) group observed at 1414 cm-1 and 1710 cm-1, respectively, corresponding to a
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PMAA structure (Matyjaszewski and Davis, 2002). Thus, PMAA was also coated on the
surface of ‘as-received’ magnetic nanoparticles.

Figure A.1

DRIFT spectra of a) ‘as received’ silanol functionalized magnetic
nanoparticles (Fe3O4/OH), and b) PMAA-modified magnetic nanoparticles
(Fe3O4-PMAA).
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APPENDIX B
SURFACE MODIFICATION OF MAGNETIC NANOPARTICLES: SONICATION
EFFECTS
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B.1

Summary
This section provides a brief summary of suggested work for future studies that

will perfectly compliment the results and conclusions obtained from this study as a
whole. The following sections describe modifications that could be considered for the
surface modification of nanoparticles and two different characterization techniques that
will allow for further explanation of in-situ effects of nanoparticle composites.
B.2

Analysis of preliminary results and future work
Sonication can improve nanoparticle dispersions and produce more homogeneous

coating on its surface. The suggested configuration is shown in Figure A.2. Nitrogen is
fed through a line to guarantee an inert atmosphere at all times. A thermocouple is also
connected to the system, while the reactor is inside a controlled temperature bath to
ensure homogeneous temperature. An injection port is used to introduce solution at any
particular time; this port also helps to connect two external pumps. An external magnet is
placed beside or below the reactor as depicted in Figure A.2
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Figure A.2

Nanoparticle reactor equipped with a sonicator probe to mix magnetic
nanoparticles.

Magnetic separation and particle washing is suggested to be inside the reactor to
avoid any contact of the sample with air or oxygen. After allowing the particles to
interact with the magnet for a certain amount of time (~2 hours), a peristaltic pump is
connected to remove the unnecessary solvent, then another pump is used to flow
anhydrous ethanol to the reactor to wash the particles. This procedure is repeated three
times or until a clean ethanol solvent is observed inside the reactor as pictured in Figure
A.3.
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Figure A.3

Nanoparticle wash with anhydrous ethanol.

Nanoparticles were separated with the aid of magnet after bromine initation (left image).
At least two washes are needed to obtain clean solvent on top of the magnet (right
image).
‘as-received’ Fe3O4/NH2 magnetic nanoparticles with two different nominal size:
200 and 50 nm, respectively, have been already tested using the sonicator reactor, thus,
only preliminary data is presented in this work. Conditions for both studies include a
monomer/catalyst/ligand ratio of 100/1/1 and 2.5 mg of magnetic nanoparticles.
Nanoparticles were initially separated using an external magnet. Once the particles were
separated, anhydrous toluene was added and the solution transferred to the sonicator
reactor. Then, initiation was performed using two methods. 200 nm ‘as-received’
Fe3O4/NH2 particles were initiated using a 0.12 M solution of triethylamine and 0.1 M 2bromo-isobutyryl bromide on toluene. This reaction was performed for 6 h at 5 °C. 50
nm ‘as-received’ Fe3O4/NH2 particles were initiated using a 3% v/v 2-bromoisobutyl
bromide/toluene overnight under sonication effects. Sonication was tested at 20% power
for two different cycles. 200 nm particles were sonicated at an on/off ratio of 2:10
seconds; whereas, 50 nm particles were sonicated at an on/off ratio of 2:5 seconds. All
these experiments were performed in a thermo-controlled bath, guaranteeing reaction
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temperatures to be at 20 °C at all times—an advantage over the results shown in Chapter
2.
Few results were obtained for this particular series of experiments; nonetheless, it
can become a new field of study, because to the author’s knowledge no surface
modification studies on the surface of magnetic nanoparticles have been conducted with
the aid of sonication. Parameters such as temperature, and sonication power and on/off
ratio, can be controlled and provide new directions for research. As an example, berrytype magnetic nanoparticles were obtained in TEM measurements as shown in Figure
A.4.

Figure A.4

TEM picture showing PNIPAM-Fe3O4 magnetic nanoparticles after a
sonication reaction using a 2:10 sonication “on/off”.
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Interestingly, the nominal particle size of the nanoparticles pictured above was
200 nm; however, smaller composite structures were observed. “As-received”
Fe3O4/NH2 magnetic nanoparticles are depicted in Figure A.5. Only recently did the
vendor (Chemicell) announce that their particles with nominal diameters larger than 100
nm were indeed multicore agglomerate structures. This is clearly seen in Figure 1.4. In
fact, nanoparticles are not perfect “spheres” and their asymmetry will affect experiments
such as DLS and UV/Vis spectroscopy. After observing this particular behavior, a
second trial was performed on 50 nm Fe3O4/NH2 and the results to date are included in
this section as the basis of a future work discussion. Moreover, questions regarding the
berry-type nanocomposite formation arise due to their unexplainable formation as it
could be an effect of the sonicator probe or the TEM beam (200 kV).
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Figure A.5

Illustration of “as-received” 200 nm nominal diameter Fe3O4/NH2 magnetic
nanoparticles showing a silica core on the outside of an agglomerate of
particles.
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APPENDIX C
ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDS) STUDY ON A COPPER
GRID
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C.1

Summary
EDS was collected on a new 300 mesh copper grid with carbon film support

coating. Results display a high percentage of carbon (86.5%) with respect to Copper (11
%) and oxygen (2.6) as depicted in Figure A.6. In fact, scans were collected on some
surface-modified samples (results not shown) and high variability was observed,
especially when close to the edges of each mesh.

Figure A.6

EDS spectra of a clean/’as-received’ copper/carbon coated grid that was
used to deposit the surface-confined magnetic nanoparticles
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APPENDIX D
DLS ANALYSIS OF ‘AS-RECEIVED’ MAGNETIC NANOPARTICLES
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D.1

Objective
DLS was used to study the effects of heating on ‘as-received’ Fe3O4/NH2

magnetic nanoparticles, and to compare with the surface modified Fe3O4@-PNIPAM-bPMAA nanoparticles.
D.2

Equipment
The equipment used to characterize the ‘as-received’ nanoparticles was:
a. Brookhaven DLS: Dynamic light scattering measurements were collected at
different temperatures with a ZetaPALS analyzer at a laser wavelength of 659
nm, Polystyrene cuvettes. A continuous model was used to obtain a
hydrodynamic diameter by number using Particle Solutions (v 2.0) software
from Brookhaven.
b. Wyatt DLS: A Dynapro Nanostar manufactured by Wyatt was used for DLS
measurements, and Wyatt’s Dynamics (v7.0.0) software was used to fit the
data. Hydrodynamic radius was fitted by intensity using a Raleigh spherical
model.

D.3

Results
Figure A.7 shows the response obtained for as-received MNPs as temperature was

increased. In order to confirm that the particles did no extend while heating, two
different equipment, and two different models were tested. As expected no response was
obtained on the as-received magnetic nanoparticles. First, Brookhaven instruments are
shown for a hydrodynamic diameter (thickness) obtained using a continuous model and
analyses were performed by number analysis. In contrast, Wyatt results are shown for
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intensity analysis and Rayleigh sphere models. Both, models and equipment, showed
similar results. Thus, results previously discussed in Section 2.5.3 are confirmed, and
temperatures variations on the hybrid nanoparticle system are mainly caused by the
polymers grafted on the surface of the ‘as-received’ nanoparticles.

Figure A.7

Thickness response of ‘as-received’ Fe3O4/NH2 at different temperatures
using two different equipments.

Brookhaven instruments shows the hydrodynamic diameter for 100 nm ‘as-received’
nanoparticles, whereas Wyatt results are hydrodynamic radius.
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APPENDIX E
SUPPORTING INFORMATION FOR THE ANALYSIS OF THE PH- AND THERMORESPONSIVENESS BEHAVIOR OF AMINO(METH)ACRYLATE POLYMER
BRUSHES
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E.1

Ellipsometry data collection: Modeling Psi and Delta
Ellipsometry measurements provide two parameters: Psi and Delta. In fact, these

parameters are then fitted to a model; traditionally, a Cauchy layer model is used to
obtain a thickness value at a single wavelength. Here, spectroscopic ellipsometry
combined with a GENOSC model provides an enhancement in data modeling and
characterization of thin films while grafted at a surface. As an example, Figure E.1
shows Psi an Delta for PDMAEMA and the model , dash lines, chosen to fit the data. As
observed, selected regions of the spectrum, below 325 nm, are very noisy. This is due to
the absorption of the pH solutions at these low wavelength values. Those, model was fit
only to stable and non-noisy data as depicted in the same figure.

Figure E.1

Psi and Delta collected for PDMAEMA at ph 6 after 90 minutes of data
collection
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E.2

PBS buffer solutions
Different pH PBS solutions were utilized to characterize the pH-responsiveness of

the different amino(meth)acrylate polymers presented in this work. Table E1, presents a
summary of these pH buffer solutions
Table E.1

E.3

PBS buffer solutions utilized for the characterization of the pHresponsiveness of amino(meth)acrylate polymer brushes
pH

salts

2

Potassium hydrogen phthalate

3

Potassium Acid Phthalate, Sodium Hydroxide

4

Potassium hydrogen phthalate

5

Potassium Acid Phthalate, Sodium Hydroxide

6

Potassium Phosphate Monobasic, Sodium Hydroxide

7

Potassium Phosphate Monobasic/Sodium Hydroxide

8

Potassium Phosphate Monobasic/Sodium Hydroxide

9

Boric Acid/Potassium Chloride/Sodium Hydroxide

10

Boric Acid/Potassium Chloride/Sodium Hydroxide

Monomer/catalyst/ligands ratios used for ATRP and reactions schemes
A SAM was first deposition by treating the wafers in piranha solution (-OH end

functionalized group), after attachment, 3-aminopropyldimethyl ethoxysilane was used
to create the SAM (-NH2). A bromine initiator, 2-bromoisobutyryl bromide, was reacted
in a 3 % v/v toluene solution overnight. Lastly, monomers were polymerized using
surface-confined ATRP/SET polymerization (Ding et al. 2009). An example is depicted
for DEAMEA (Figure E.2), and ratios utilized for each monomer are also displayed in .
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Figure E.2

Schematic showing the ATRP of amino(meth)acrylate monomers on Si
wafers.

First, Si-wafers were treated in piranha solution. Then, 3-aminopropyldimethyl
ethoxysilane was used as the SAM. A bromine initiator 2-bromoisobutyryl bromide was
added to scheme. Lastly, monomers were polymerized using surface-confined
ATRP/SET polymerization (Ding et al. 2009). Example is shown for DEAEMA.
A typical monomer/ligand/catalys/catalyst ratio was 100/4/10/1/. A summary of
the different solvents and conditions of study are shown in Table E.2.
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Table E.2

E.4

Monomer/catalyst/ligand utilized at different solvent, temperatures and
times for the ATRP reactions of amino(meth)acrylate polymer brushed.

Monomer

Catalyst(S)

Ligand

Solvent
IPA/water

Temp
(°C)
40

ATRP
time (h)
48

DMAEMA

CuBr/CuBr2

Bypiridine

DEAEMA

CuCl/CuCl2

HMTETA

Methanol

60

72

DMAEA

CuCl/CuCl2

Me6TREN

Bulk

90

72

TBAEMA

CuCl/CuCl2

HMTETA

Bulk

90

72

Static water contact angle measurements
The hydrophobic/hydrophilic characteristic of polymers grafted on a surface can

be characterized using static water contact angle measurements (WCA). In order to
obtain more information about surface properties, WCA was performed on each sample,
and results are summarized in Table E.3.
Table E.3

Static water contact angle measurements for different amino(meth)acrylate
polymer brushes grafted on the surface of Si wafers.
Polymer

WCA

PDMAEMA

77.8° ± 13.7°

PDEAEMA

64° ± 11.9°

PDMAEA

62.9° ± 8.4°

PTBAEMA

62.2° ± 8.42°

Si-SAM

79.6° ± 3.75°
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E.5

AFM: A tool to evaluate the thermo-responsiveness properties of polymer
brushes
Here, an individual plot for the different average thicknesses obtained for each

polymer brush of study is presented. Error! Reference source not found. shows the
height obtained at each pH PBS solution. Interestingly, PDMAEMA has a greater
swelling than the rest of the polymers.

Figure E.3

Thermo-responsiveness behavior study using AFM for

a) PDEAEMA, b) PTBAEMA, c) PDMAEMA, and d) PDMAEA.
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E.6

Effects of pH changes during in-situ measurements
pH solutions were switched between 4 and 6 while the liquid cell was not in

recirculating mode. For example (Figure E.4), pH 4 was kept constant for the first cycle,
as observed, the thickness remain the same for both trials. However, when the pH was
switched to 4, the thickness on the non-stable measurement was lower than on the stable
run. This effect was caused due to the recirculation time of the new pH solution inside
the liquid cell. A total of 3 volumes (~ 20 mL) were taken out of the recirculating bath
after switching to pH 4 during the stable trial. Conversely, during the non-stable
measurement only 1 volume (~ 5 ml) was removed before switching back to the
recirculating pump. This study guarantees that the observed increase/decrease in
thickness with respect to time is caused by slight changes in pH rather than a hysteresis
effect. During the stable measurement, thickness always returned to the expected swollen
value making it a reliable measurement. Future efforts should be addressed to remove
enough pH solution of the recirculating bath before reaching a stable value.
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Figure E.4

pH switching cycles between 4 and 6 for PDMAEMA, and analysis of the
variation on recirculation times.
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APPENDIX F
DRAG FORCE CALCULATION CONSTANTS FOR DIFFERENT RE NUMBERS
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F.1

Drag coefficient calculations
Different constants are needed to calculate drag force based on the Re number.

Here a summary for each constant is presented in Table F.1
Table F.1

Drag force coefficient values for different Re numbers.

Re range
< 0.1
<1
< 10
< 100
< 1000
< 5000
< 10000
> 10000

a1
1
0.94708
1.2153
1.9375
4.0971
6.1925
-20.4394
-69.2708
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a2

a3

0.0037625
-0.16204
- 4.86125
- 115.75
- 1979.17
24112.5
225695.8

0.15375
0.050917
0.025696
0.015183
0.014875
0.019167
0.5191

APPENDIX G
EFFECT OF GRID REFINEMENT ON PARTICLE DEPOSITION PERCENTAGE
FOR RE 100 AND RE 1000
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G.1

Case I: Effects of grid refinement on Re 100 on an elbow grid
The effects of grid refinement were also evaluated in a coarse mesh with

approximately 155,000 cells for Re 100. For St above 0.8, results showed that for Re 100
grid refinement is negligible. However, for stokes numbers below 0.8, there is a
significant effect on deposition percentage, as observed in Figure G.1,Error! Reference
ource not found. over-prediction on deposition percentage occurred in a coarse grid as
compared with the refined grid. Thus, grid refinement levels are significant, in particular,
for low stokes number. Moreover, at a low grid refinement, gravity effects are more
noticeable.

Figure G.1

Analysis of grid refinement levels for Re 100 using a coarse mesh with
gravity and without gravity, compared with the refined grid results and the
experimental values
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G.2

Case II: Effect of grid refinement on Re 1000 on an elbow grid
Eulerian-Eulerian particle tracking is not affected by grid refinement as Re

increases. These effects can be observed in Figure G.2. Moreover, at higher St number,
deposition percentage seems to be independent of gravity and grid refinement level.
However, at this point (St > 0.8) , most of the particles could not escape even at low Re
number. No difference in deposition percentage are interesting results observed for small
particles (low St). This confirms that the Eulerian model works good for at least 500,000
cells which was the size of the coarse grid run.

Figure G.2

Grid refinement study for Re 1000, no significant effects are observe on
deposition percentage efficiency as St number changes.
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APPENDIX H
STEPS FOR THE SURFACE MODIFICAITON OF AU-COATED SILICON WAFERS
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H.1

Materials and chemical reagents
Different materials are required for the surface modification of a flat substrate. A

list with some of the main material is presented (Table H.1). These procedures can be
extended to the surface modification of other materials including magnetic nanoparticles,
gold nanoparticle or silicon wafers. However, the end-functionalized group present on a
surface must be known to proceed correctly. This appendix provides an overview on
how to proceed on each particular case and has been adapted from different references in
literature (Kim et al., 2000; Kim et al., 2002; Rakhmatullina et al., 2007).
Table H.1

Different materials required for the deposition of self-assembled monolayers
(SAMs) and bromine initiators on a flat substrate

Substrates
Solvents
Au coated silicon wafers 10 Ethanol 200 proof,
mm x 10 mm
anhydrous
Water, deionized
milipore system
THF , anhydrous

H.2

Chemicals
11-mercapto-1-undecanol (MUD) [SAM
forming thiol]
2-bromoisobutyryl bromide [initiator]
2-bromopropionyl bromide (bpb) [initiator]
Tryethylamine
Bis[2-(2′-bromoisobutyryloxy) ethyl] disulfide
(initiator) (bbbd)

Au-SAM preparation
SAM preparation is very sensitive to contaminants on the surface; thus, it is

necessary to clean the wafer first. After cleaning the wafer, SAM deposition and Brinitiation can be performed as discussed in the next sections.
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H.2.1

Cleaning the wafer
These steps should be followed before any surface modification of the substrates.

These step will guarantee a clean surface:


Sonicate the wafer for 1-3 minutes in ethanol



Dry the wafer using an N2 stream (N2 ‘gun’)



Place the gold wafer in a UV ozone chamber for 15 minutes

H.2.2

SAM preparation:
SAM preparation should be performed overnight (at least 12 hours) to allow the

thiol compound to react enough with the clean Au surface. Different parameters such as
shaking the solution, dark room and concentration have been evaluated. Nonetheless, the
chemistry worked fine in a non-anhydrous environment and no external agitation was
required. The simple step carried out in this reaction is shown (Figure H.1) where an –
OH end functionalized group will be available on the surface of the substrate.

Figure H.1

Self-assembled monolayer deposition of a clean gold coated silicon wafer.
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As previously discussed, SAM preparation should be carried out in 200-proof
ethanol. Otherwise possible contaminants may interfere with the self-assembled
monolayer deposition.


Place the cleaned gold wafer in 1 mMol , 1.5 mMol or 5 mMol MUD/ethanol
solution overnight under continuous N2 purging



Wash extensively (three times) with ethanol



If to be characterized (typically: IR, ellipsometry), dry with a stream of N2.
Otherwise, immediately store in a vial with clean ethanol

H.3

Br initiator preparation from Au-SAM



Dry the Au-SAM wafer using a N2 flow and place in a nitrogen atmosphere



Under a nitrogen atmosphere perform the following steps:



Place the Au-SAM previously prepared in 5 mL of 0.12 M triethylamine/
anhydrous THF solution for 10 seconds at ~ 0 ºC



Gently, add 5 mL of 0.1 M 2-bromopropionyl bromide/anhydrous THF solution
(2bpb). Constant agitation is required. If possible, the wafer should be in a flat
position to ensure the reaction surface is well exposed to the 2 bpb solution.



Total time for the reaction with 2bpb is about 3 minutes. After the reaction,
remove the Au-SAM-Br sample from the 2-bpb soln and rinse sequentially with:
THF and ethanol. Finally, dry using a nitrogen stream

H.4

Br initiator preparation from clean Au wafer
Br- can be directly attached as the end-functionalized group of a surface as

described below. The main difference is that a disulfide with end brominated chains is
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utilized as the SAM. This procedure is recommended due to the effective bromine
initiated surface obtained in a single step avoiding organic wet chemistry; however, these
wafers must immediately be used after this reaction and proceed with ATRP to form
polymer brushes. This is due to the instability of brominated compounds on air. The next
steps summarize how to prepare an Au-Br initiated surface:


Wafer must be cleaned using the same steps previously described (H.2.1)



Place wafers in a bbbd 1.5 mM ethanolic solution (200 proof) and allow to react
overnight.



After completion, Wash extensively (three times) with ethanol

213

H.5
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APPENDIX I
EXPERIMENTAL PROCEDURES
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I.1

FTIR spectrum collections for nanoparticles and powders
Attenuated Transmittance Reflectance (ATR) using a Miracle-IR attachment has

been demonstrated to be the best IR technique for nanoparticle spectrum data collection.
Limitations are found on this method as a result of solvent evaporation/contamination
when the nanoparticles are in a solvent. It is suggested to try different solvents and
analyze particular differences on the expected IR peaks as solvents are switched. This
procedure contains a detailed description of the three different methods which could
potentially be used for nanoparticle IR data collection. First, Transmission FTIR is
described for data collection. Second, Diffused Reflectance Infrared Fourier Transform
spectroscopy (DRIFTs) steps and sample preparation are explained. Third, ATR-FTIR
general description is described
I.1.1

Transmission FTIR
Transmission crystals are made of Potassium Bromide (KBr). These crystals

must be completely cleaned prior usage. A clean crystal is vital for good data collection,
thus, it is expected to follow steps of section A. Additionally, the crystals are watersensitive. Therefore, usage of other solvents is strongly preferred.
I.1.1.1

Crystal cleaning
1. Spray methanol on cotton balls using a squeeze bottle and clean both sides
of the crystal
2. Using a nitrogen gun spray both sides of the crystal with methanol
followed by continuous drying using a N2 gun. Repeat this step twice
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3. Make sure to hold the crystal so it won’t fall – crystals are very sensitive
and they can scratch or break if dropped.
4. The KBr crystal is ready to be used if no spots are seen. Steps 1-4 should
be repeated until no spots are seen. In case spots don’t get removed use the
crystal cleaning kit located below the FTIR accessories.
I.1.1.2

Sample preparation
(Make sure a vacuum oven/manifold line can be used to pull vacuum prior sample

deposition)
1. Use a disposable micro-pipette to deposit an amount of nanoparticles
suspension on one side of the KBr crystal.
2. Typically, a concentration of 0.5 miligrams/mL should be enough to get
data with this method, however, particle concentration and results will
depend on the size of the particles
3. The substrates with the solvent must immediately be placed in a vacuum
oven for at least 15 minutes to guarantee solvent evaporation. A thin film
should be observed on the surface of the crystal prior data collection. A
thick film will flow vertically and won’t allow the user to collect data
4. Identification of samples is critical at all times. Labeled petri dishes must
be used to identify each KBr crystal – do not write on the KBr.
5. Make sure the transmission accessory is placed on the FTIR
6. Use a clean KBr crystal to collect the background
7. Save the background and use this new file in the data collection window to
collect your sample.
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8. Place the KBr crystal with your sample on the transmission accessory.
The beam goes from right to left. Make sure your sample faces on the
direction of the beam
9. Observe spectrum collection and when done save the experimental file
10. Clean the crystal(s) as previously discussed in section H.1.1.1.
I.1.2

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTs)
KBr is also used in DRIFTs. The main difference is that KBr is in a powder form

for DRIFTs. Sample weight percent concentrations should be 3-8 % when running
DRIFTs. A 5 % sample concentration is ideal. EasyDiff Accessory (Pike Technologies)
is used for data collection. The following steps are required for this method:
1. KBr should be crushed using the DRIFTs kit and a razr blade prior any
measurement. Additionally, clean KBr should always be used. Avoid
cross-contamination
2. A basis of 1 gram sample weight is used. Weight 0.005 g of sample.
Then, add 0.095 g of KBr weighted out on a different container. Mix both
in a tube
3. There are two metal cups inside the DRIFTs kit. Use one for the prepared
sample and the second one for clean KBr. Clean KBr helps as the
background for data collection
4. Prior depositing the KBr or the sample on each cup, crush and make a
homogeneous mixture of your sample with the blade and the two black
holders. A flat surface is necessary for good data collection
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5. Place both, the sample and the clean KBr, crushed powders on each metal
cup.
6. DRIFTs holder should be placed against a surface. This is done to avoid
your sample to fall down
7. Place the holder inside the FTIR and wait for 25 minutes before data
collection. This is done to avoid water/CO2 contamination.
8. Make sure to identify which cup contains the clean KBr and the sample
9. For DRIFTs Kubelka-munk corrections should be used. This is located in
the experimental setup. Set sample compartment to main, Detector MCT
or DTGS, Beam splitter to XT-KBr and IR source.
10. Collect the background after 25 minutes have passed on the clean KBr
crystal
11. Open the top door of the FTIR and move the metal cup to the one
containing your sample
12. Collect the sample with the saved background (clean KBr) crystal after
waiting 5-8 minutes.
13. Store the sample back and dispose the KBr powder.
I.1.3

ATR-FTIR measurements using Miracle-ATR®
Miracle-ATR consists of a 45° diamond/ZnSe crystal with a fixed angle. This

accessory can be used for powders and liquids. For flat substrates ER or ATR using
Veemax is recommended.
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I.1.3.1

Collecting powder samples
1. Use methanol to clean the crystal surface. Gently spray methanol on
cotton balls and clean the surface. Wait until all the methanol has
evaporated
2. Place your powder sample on top of the diamond/ZnSe crystal using a
spatula
3. Look for the pressure tip with a concave bottom surface. Locate this tip
on the instrument by rotating counterclockwise the top holder. When a tip
is located on the instrument, remove first and then store in the FTIR
sample kit.
4. Collect Sample first
5. Remove your powder sample and clean the crystal with methanol
sprinkled cotton balls.

I.1.3.2

Collecting liquid samples
1. Liquid samples spectra are expected to take longer collection times due to
the need of solvent evaporation. If possible, try to use a volatile solvent
when preparing your sample (e.g. methanol, ethanol…)
2. The crystal should have a gray o-ring and the upper metallic plate to hold
the liquid. This is done to avoid any liquid entering the instrument.
3. Place one drop of your solvent on top of the crystal and wait for total
evaporation
4. Collect the sample spectrum once the solvent has evaporated.
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5. Clean the surface of the crystal with methanol sprayed cotton balls and
collect the background for your sample. It is suggested to collect the
background after the sample in case the solvent takes a long time to
evaporate.
6. Make sure all the system is clean before you leave
I.2
I.2.1

Experimental plan for the synthesis of amphiphilic Janus nanoparticles
Acronyms:
ATRP: Atom transfer radical polymerization
MNPs: Magnetic nanoparticles
SAM: self-assembled monolayer
MAA: methacrylic acid
MMA: methylmethacrylate
Fe3O4: iron oxide
MNPs to be used in this work will be:FluidMAG-Amine (200 nm), with amine-

NH2 functional group as illustrated in Figure I.1.

Figure I.1

Fe3O4/NH2 substrate for Surface modification of MNPs
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I.2.2

Procedure
The general procedure to obtain PMAA-Fe3O4-PNIPAM is as follow:
1. Fe3O4-NH2 nanoparticles were used as received (suspended in water) and a
drop of this material was deposited on the surface of mica, waiting until
water evaporated completely. Aproximately, 30 minutes were needed.
Electrostatic interactions between the nanoparticles and Mica – the
substrate –will cause a physisorption of the MNPs on the surface of mica
as depicted in Figure I.2

Figure I.2

Electrostatic interaction of MNPs with a mica substrate

2. surface modified MICA with MNPs was then placed in a Br-solution (~
10 mmol 2-Bromo-isobutyril bromide/toluene) under a nitrogen
atmosphere for about 12 hrs. This step will allow the free NH2- groups –
non attached to the mica surface - to react with the initiator.
3. After attachment of the initiator, monomer + catalyst + ligand (MAA,
Cu(I)Cl and Me6TREN) was added in excess to the solution - under an
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inert atmosphere all the time. This reaction will proceed for at least 12
hours.
4. Every hour, an aliquot of the solution will be taken for later studies of
molecular weight of any polymer that could be obtained in solution
5. After completion of the polymerization, a pH buffer of 2 was added to the
solution to detach the magnetic particles from the MICA surface.
Sonication was required at this point.
6. Particles in the pH buffer solution of 2 were then extracted using a needle
and a syringe and the solution was placed in at least one centrifuge tube
(15mL). Centrifugation, then decantation of solvent was conducted for at
least two times. One with the remaining buffer solution and the other one
with HPLC grade water to clean the NPs as much as possible. After the
second centrifugation, particles were stored in HPLC grade water at 4oC
(fridge) until DRIFTS, DLS or TEM were used to characterize the sample.
7. Particles that remained will now be polymerized again in solution with
another monomer (NIPAM or MMA). Steps 2 and 3 will now proceed but
no MICA will be used at these steps. These reactions will proceed under
sonication all the time to guarantee appropriate mixing within the solution.
The resulting nanoparticles are illustrated in Figure I.3
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Figure I.3

I.3
I.3.1

Biphasic Janus nanoparticle (PMAA-Fe3O4-PNIPAM) with a magnetic
nanoparticle carrier

The sandwich method: TEM: Sample/grid preparation for nanoparticles
General comments
1. Make sure to identify box lot number (lot____________) and the grids
that you will be using for sample deposition
2. Materials: For each grid use two washers (~ 3 mm inside diameter hole),
filter paper, tweezers for Grids, Tweezers, two caps, one 50 mL test tube,
one septa cap, one needle (18 G) and one needle (22 G), Parafilm, scissors

I.3.2

Instructions
1. Place the filter paper on top of one washer (you can use glue to paste the
paper)
2. Place the second washer on top of the filter paper (sandwichconfiguration)
3. Use parafilm to wrap around the two washers
4. Insert the TEM 300 mesh copper grid until the non-shiny part stay in
contact with the filter paper
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5. Place the sandwich-grid configuration into a cap. Schematics of these
steps can be observed in Figure I.4 and Figure I.5.
6. A second cap will be needed to be introduced in the test tube. If it is loose,
use parafilm so it can be easily stopped at about ¾ from the bottom
7. Once, this cap is located and held steadily. Introduce the second cap with
the TEM grid on it
8. Use 18G needle for vacuum and 22G for nitrogen
9. Connect these two needlees to different splits in the manifold
10. Put the needles (Black and pink) in a separate septa cap
11. Cover the test tube with the septa cap and start flowing nitrogen and
pulling vacuum for 30 minutes as shown in Figures 1 and 2.
12. Carefully, remove the needles and the septa cap from the test tube
13. Remove the sandwiched-grid configuration
14. Remove Parafilm with scissors or a razor blade
15. Remove the top washer
16. Use the small tweezers to grab the Grid and place it in the respective box
position (i.e. A1)
17. Make labels to identify each sample on the box grid
18. Write on your lab notebook the sample names, id and lot grid
19. Clean and wash the test tubes
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Figure I.4

Nitrogen/pressurized system for Au-NPs deposition on TEM grids

Figure I.5

Experimental design for the vacuum/nitrogen flow experiment performed
in the lab

I.4

Ellipsometry Procedure: Aligning the liquid cell for in-situ measurements
1. Turn on the lamp power supply
2. Turn on the EC-400
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3. Computer should be on (if Not, turn on at this point)
4. Open the completEASE program
5. The measurement-system status, should say “Waiting to acquire data”.
6. Select Hardware , then controls and click on “Install New Sample Stage”
7. Remove current stage and install New stage
8. Disconnect vacuum lines
9. Loose the four screws on the base
10. Remove the dry-sample stage
11. Place the liquid cell sample stage and tight the 4-screws
12. Select “Yes” to configure the software for the liquid cell
13. Sample Stage Secure. Hit, OK
14. Translation stage will move to the (0,0) position. Select OK. NOTE>
Make sure there is nothing interfering with the beam
15. Select OK to initiate the change in angle to 75 degrees or 70 degrees,
depending on the size of the liquid cell that you are using
16. Mounting the sample and aligning the cell
17. Make sure that the cell is not mounted
18. Place sample on mounting plane
19. Hand tighten four-captive screws evenly (USE Only enough torque to
avoid leaking), check Figure I.6 for more details.
20. Aligning the 5 mL liquid cell by Selecting: Hardware>controls>general
tab> “Align sample “ Or Measurement >Measurement controls> “align
sample”
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21. SELECT “NO” for full sample alignment. The tilt alignment will open in
manual mode
22. Vertically Align the entrance window by adjust z-axis. Using page up and
page down until you reach the center
23. Horizontally align entrance window by rotating cell
24. Loose the rotation locking screws
25. Adjust the tilt screws
26. Lock the rotation lock screws once the sample is aligned

Figure I.6

General view of the liquid cell mounted on the ellipsometer

27. When done, select cancel sample tilt alignment or the Esc button
28. As a general check, turn-off the lights and see the aligned beam reflecting
on the aperture of the detector
I.5

Modeling bare metal surfaces (substrates) using CompletEASE
1. Open CompletEASE software
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2. Go to the Analysis Tab
3. Select Data: Open  Now, look for your data set in your preferred storage
folder
4. Go Model: Select Open, now, choose Basic models on the left window
5. Select Blank model and select open ( A window as seen below will pop
up). Refer to Figure I.7

Figure I.7

CompletEASE model window

6. The model is constructed depending on the optical constants of the
material.
7. Typical examples includes: seminconductors, metals , alloys ,etc.
8. For a Si substrate:Click “none” on the substrate tab. Then, select
“Si_Jaw” from the library menu (Semiconductor tab) to enter the material
optical properties of the semiconductor. In this case, Silica.
9. Different layers can be added to the substrate. Press “Add” in layer
commands to add different layers to your model.

229

10. Add “INTR_JAW” from the semiconductor tab. This represents the
interface between Silica and SiO2. Typically one nanometer.
11. Now, For the Thermal Oxide, select SiO2_JAW (Semiconductor TAB)
and approximate as much as you can a value for the thickness of the film.
12. If you have difficulties approximating a specific value for the thickness.
Select Fit options and Perform Thickness Pre-fit: ON. This will help to
determine the value for the expected thickness
13. Roughness can be included or not in the model. Check MSE for the
results. Negative roughness does not add anything to the model and is notrealistic.
14. Si wafer with a transparent film (polymer). Open the blank model, click
“none” on the substrate tab. Then, select “Si_Jaw” from the library menu
(Semiconductor tab) into model substrate
15. Open Cauchy.mat into model film
16. Turn on Cauchy A,B, C and thickness
17. Pre-fit for thickness
18. Global fit for A parameter
19. Fit
20. Verify normal dispersion (view Cauchy layer optical constants)
21. SHORTCUT: Select the following model: “Si with Transparent
Film.mod”
22. Add Roughness and grading
23. Roughness: Turn on the parameter for fitting
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24. Grading. Right click on grade layer
25. One option is always to check for alternative fittings. For this purpose, try
other options. Then hit Try alternate models. Automatically, the following
will take place:
26. Ideal model
27. With roughness
28. With simple index grading
29. With both roughness and simple index grading
I.6
I.6.1

Procedure to run in-situ AFM measurements
Summary
This Experimental plan summarizes different steps that need to be followed using

scanasyst mode in Dimension Icon AFM equipment as depicted in Figure I.8. Tips that
are used for this experiment are: Scanasyst-fluid made of nitride tip and nitride lever.
The cantilever has a T: 05-0.7 micrometer. And the frequency varies from 120-180 Khz.
K: 0.7 N/m.
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Left
hand side
(LHS)
Right
hand side
(RHS)

Figure I.8

I.6.1.2

AFM Icon front view

Procedure

I.6.1.2.1

Equipment startup

Turn on the computer and monitor for the Dimension Icon Equipment
Hit Ctrl+Alt+Del as it prompts on the monitor and introduce the password for the
computer: emcenter
Connect the heater/cooler cable on the right hand side of the ICON instrument:
Turn on the equipment (using power strip on the left hand side of the instrument)
and turn on the heater/cooler accessory. Note the turn on/off button is at the left on the
back of this panel
I.6.1.2.2

Experimental setup
1. Use the fluid cell cantilever holder located in the cabinet on top of the
computer.
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2. Place the cantilever holder on the special setup (the one that has a spring)
3. Then, place one of the scanasyst-fluid tips on the cantilever as the spring
lift the small wire/clamp to hold in place the tip.
4. The tip can be seen using the optical microscope in the adjacent lab.
5. Check that the cantilever is not tilted or not vertically positioned with
respect to the gray clamp. By experience, if the cantilever is a barely
tilted, beam alignment will be complicated and/or unsuccessful.
6. Open Nanoscope v.8.15.
7. Initialize the equipment
8. Select New experiment: Scanasyst in fluid and change the microscope
setup to H/C Temperature.
9. Hit OK
10. Place the cantilever holder with the tip on the Bruker scanning head
11. Place the Teflon gasket at the bottom of the cantilever holder. This is used
to protect the scanning head from any spill that might occur as the
scanning in liquid takes place. Be Careful!. When setting up the plastic
sleeve/gasket as it might damage your tip.
12. Go to setup and align the beam on the tip by:
13. Adjusting the laser intensity on the tip. Multiple reflections are observed
on this particular cantilever/tip holder. Thus, location of the real beam
must be performed to obtain a good result. First locate the laser on the
screen by moving the top-screws on the scanning head until you see the
beam on the computer screen as shown below (Figure I.9).
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Figure I.9

Beam alignment while in-situ measurements are conducted

14. Adjust the side buttons of the scanning head, until the maximum intensity
is obtained for the particular tip.
15. Typical values for intensity varies:
No liquid: ~ 2.1 – 2. 5 V
Liquid: 3.1- 3.5 Va
16. Place your wafer on one magnetic holder (utilized for this particular
samples). Use copper tape to guarantee no movement and to be able to
release the wafer after you are done with the experiment. If you use
double side tape or any other tape most likely the wafer won’t be able to
come out of the surface and your sample will be unusable if it breaks.
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Figure I.10

Wafer holder while measurements are conducted in-situ

17. Place the wafer on the magnetic holder. Then add a drop of water (or the
liquid you are trying to use on top of the wafer)
18. After correctly aligning the tip on the scanning head. Carefully, add 1-2
microdrops on the tip (This is extremely difficult and be aware/cautious of
the laser).
19. Align the vertical position and red cross for the displacement due to the
water refraction effect on the tip
20. Go to navigate and start lowering the scanning head until you see both
drops (the one in the scanning head and the other one on the wafer) start
coming closer. Reduce the speed to about 20%, then the two drops will
crash and eventually the software will “suppose” that there is a
misalignment.
21. Realign the tip with the laser. Also, make sure to “check” the box that
says, alignment was performed on the fluid.
22. Go back to setup and check that the maximum intensity was reached
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23. Go to navigate and detect a spot that you wish to scan by moving the side
and top arrows on the computer screen.
24. Once you locate a spot, check your parameters. Mainly, scanning size and
scans per line. It is suggested to use 512 scans/line. Additionally, at the
beginning a very large area (15 -10 microns) should be scanned to setup a
particular point , then you can move easily around your sample and/or
point of interest.
25. Check parameters once again, and make sure that the maximum intensity
has not changed. Go to scan and select the following screens:
Height sensor
peakforce error
inphase
quadrature
26. NOTE: This must be done before starting your scan. Otherwise, data will
not be collected/saved.
27. Select the directory that you want to save your data by clicking on the
folder with the camera on the rhs of the screen.
28. After selecting your folder, you can go to it by clicking on the small
camera beside the directory on the top rhs of the screen
29. Type the name of your sample and hit enter
30. Hit engage
31. Wait until the sample data is starting to collect and hit the bottom arrow to
start scanning from the top to the bottom
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32. Select capture now for the image to save automatically
33. If by any reason your image is not saved. Stop the capture now and hit
Capture last. This should save your file.
34. After the image has been collected click withdraw. Go back to the
navigate button and select a new point of interest for your scan.
35. Once you are finished. Withdraw once again. Adjust the lifting speed to
20 % and slowly remove the tip from the water/liquid drop. The signal
intensity should decreased dramatically as the tip comes out of contact
with the water. Here, try to realing to be able to move the stage.
36. Once realigned, move the sample stage to the front. Dry the drop that is
located on your sample with a kimwipe, and remove/store the sample.
37. Remove the scanning head (Be Careful with the laser). Now, remove the
plastic gasket (Careful as it might break your tip). Then, remove the tip
holder and place it on the special support. Place back the scanning head
on the equipment. Use a kimwipe to dry any liquid. If a liquid different
that water was used, make sure to use a couple of drops of waters to clean
the tip. Dry on a side with kimwipes. This can be done in the optical
microscope in the adjacent lab.
38. Once the tip has been cleaned, remove it with the tweezers and store in the
box.
39. Clean and dry the fluid cell cantilever holder and store it back in the bag
and put it in the drawer located on top of the computer.
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40. Turn off the heater and go to the software and remove the heater/cooler
H/C option.
41. Turn off the equipment using the power strip on the LHS of the instrument
42. Turn off the computer
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